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ABSTRACT 
Comprehensive Mass Balance Isotope Schematics for 
Determining the Provenance of the Moon Forming Impactor 
by 
John Wolbeck 
Advisor: Dr. Harold Connolly Jr. 
     The goal of this research was to identify areas where deviations from the canonic Moon 
forming impact scenario (an impactor approximately 12% of the mass of the Earth merging with 
100% accretion efficiency with a proto-Earth each of which has a differentiated homologous 
anatomy of 30% iron and 70% silicates) may greatly reduce the efficacy of the impact mass 
balance analytics used to determine the provenance of the impactor based on isotope data from 
terrestrial and lunar samples and physical data from high resolution SPH computer simulations.  
Modeling the giant Moon forming impact is complicated by a lack of knowledge about the size, 
composition and origin of the impactor.  During the impact the proto-Earth and impactor collide 
and merge forming the Earth and Moon with each having specific isotope values that are a blend 
of the stable isotopic signatures of the impacting bodies. 
This research focused on four particular areas of concern; heterogeneity between the proto-
Earth and the Earth, non-homologous impactor iron cores, the addition of an ice layer on the 
impactor and the importance of inefficient accretion (ejecta losses from the Earth during the 
collision). This research has shown that simple mass balance equations present an 
oversimplification of the mass balance relationships used for impact isotope analytics, 
particularly when the impactor deviates from the canonic scenario. 
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Through careful mathematical modeling of a four body system; two objects colliding (proto-Earth 
and impactor) forming two different objects (Earth and Moon), a comprehensive isotopic Four 
Body Mass Balance (4BMB) equation was developed, one which is capable of incorporating 
impactors which deviate from the canonic model. 
Based on this research it is readily apparent that for lunar impactor fractions which are in the 
range indicated by SPH modeling (70% to 90% impactor in the Moon) changing the fraction of 
impactor’s iron core or accounting for inefficient accretion have a minimal effect on the resulting 
lunar isotope values and that the incorporation of a layer of ice on the impactor in the cases 
studied was the dominant factor.  
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  Moonlight 
By 
John Wolbeck 
 
Some say that I am made of cheese 
Some say I drive them mad, 
Wolves that howl or beasts that lurk 
It makes me feel quite sad. 
 
Some have cows jump over me, 
While cats will play a fiddle, 
But how I formed and whence I came 
Now that’s the real riddle. 
 
Twelve have come and left their mark 
Apollo would be proud, 
And yet the mystery of how I came 
Has yet to be avowed. 
 
Is Brother Earth my real twin? 
Did Mother cast me out? 
Did Newton catch me as I passed? 
Or was it done by clout? 
 
Water on the planet near 
A sacred source of life, 
May hold a secret loud and clear, 
The echoes of my strife. 
 
Wolves will howl as lovers yearn 
 And sleep a restful night, 
My troubled past may be as clear  
As early morning light. 
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Introduction 
 
Comprehensive Mass Balance Schematics for Determining the 
Provenance of the Moon Forming Impactor. 
 
The ‘Giant Impact’ model, in which a Mars like planetesimal impacts a young proto-
Earth ejecting debris into orbit which then accretes to form the Moon (Hartmann and Davis, 
1975), is generally accepted as the most plausible lunar forming process with three key 
exceptions (Cameron, 1976, 1988, 2000; Canup, 2000, 2004; Wiechert, 2001). 
1) Computer simulations of the orbital accretion event indicate that at least two or more 
lunar masses of material must be ejected into orbit during the impact in order for a one 
lunar mass moon to accrete (Ida, 1996; Kokubo, 2000).  Simulations indicate that the 
parameters required to create this much ejecta only result from impacts that impart an 
excessive amount of angular momentum on the resulting Earth-Moon system 
(Cameron, 2000; Canup, 2004). 
2) Computer simulations of the collision event indicate that the Moon should consist of 
70% to 90% impactor material while the Earth retains some 10% to 20% (Canup, 1996, 
2004), yet the lunar samples obtained during the Apollo missions indicate that the 
chemical signature of the Moon is virtually identical to Earth’s mantle material (Taylor, 
2001). 
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3) It is generally agreed that the current computer models which use an impactor 
consisting of an iron core and a silicate mantle have difficulty resolving the isotopic 
homogeneity between the Earth and the lunar samples (Wiechert and Halliday, 2001).   
To work towards a resolution of these critical problems I propose the following: 
(1) The preponderance of giant impact simulations assume that the impactor was homologous 
(similar in structure and composition) with the proto-Earth with which it collided.  Given 
that the actual composition, isotopic signature and mass of the impactor is entirely 
unknown and given the diversity of these values for objects throughout the Solar System it 
may not be reasonable to assume that the impactor was homologous with the proto-Earth. 
(2) Assuming that the physics of giant impact computer simulations is correct and that the 
impactor’s mass and angular momentum are the key physical constraints in the 
development of an adequate lunar debris field the fraction of the lunar debris which is 
impactor derived may vary from the homologous simulation fractions if the impactor were 
not homologous with the proto-Earth. 
(3) An impactor which deviates from the canonic model (an impactor approximately 12% of 
the mass of the Earth which merges with 100% accretion efficiency with a proto-Earth 
having a differentiated homologous anatomy of 30% iron and 70% silicates) will affect the 
efficacy of the mass balance equations as they have been historically used to compute the 
provenance of the impactor using isotope data from lunar and terrestrial samples. 
(4) A comprehensive mass balance approach to giant impact isotope analytics which has the 
ability to incorporate non-canonic impact scenarios with isotopic data from terrestrial and 
lunar samples and physical data from high resolution SPH computer simulations must be 
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developed so that potential composition and isotopic profiles for a Moon forming impactor 
can be computed.  The following impact parameters need to be addressed: 
a. Alteration of the proto-Earth’s isotope values when merging with the impactor. 
b. Non-homologous iron core (and silicate mantle) impactor mass fractions.  
c. Incorporation of a water-ice layer on the impactor. 
d. Inefficient accretion (ejected mass loss). 
Background: 
A question that has intrigued scientists and society for ages is what were the mechanical 
processes that allowed a planet as small as the Earth to obtain such an unusually large Moon?  
Currently, there are four popular hypothesis for the origin of the Moon; the fission hypothesis, 
the formation hypothesis, the capture hypothesis, and the giant impact or collision hypothesis. 
All of these models have problems and no single model has resolved the question entirely. 
 The formation hypothesis assumes that the Earth and the Moon formed at about the 
same time and in the same location in the solar nebula.  This hypothesis was first proposed by 
Edouard Roche in 1873, where he hypothesized that the moon formed from a Laplacian ring 
around the Earth in a fashion similar to what Laplace had proposed for the nebular formation of 
the planets about the Sun (Brush, 1996).  A key constraint for this model is that the chemical 
composition of the Earth and the Moon would need to be nearly identical since they would 
have formed at about the same time and location in the solar nebula. Intriguingly the Moon is 
very similar in many respects to the material that makes up the Earth’s Mantle. The Lunar 
samples returned to Earth by the Apollo missions are geochemically and isotopically nearly 
identical to rocks from the Earth. (See Appendix A: Using oxygen isotopes for source 
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identification from an inhomogeneous isotopic solar reservoir).  However, the Moon as a whole 
is highly deficient in iron in comparison the Earth.  The Earth and most of the other terrestrial 
planets have large iron cores representing about 30% of each planet’s mass. In stark 
comparison the Moon’s iron core is only 2 to 4% of its total mass (Hartman, 1975).  The Earth 
has an average density of 5.5 g/cc where the Moons average density is only 3.3g/cc (Taylor, 
2001).  Given the strong difference in the bulk compositions of the Earth and Moon it is highly 
unlikely that they formed together in the same region of the solar nebula. 
The fission hypothesis proposes that the Moon ‘spun’ away from the Earth due to a high 
rate of rotation when the Earth first formed (George Darwin, 1878). He based this hypothesis 
on the discovery that the Moon is slowly moving away from the Earth.  Reversing this process 
implies that the Moon was much closer in the past and quite possibly was ejected from it 
(Brush, 1996).  He further hypothesized that the Pacific basin was the residual ‘hole’ left behind 
when the lunar material was ejected.  For the lunar material to have been ejected in this 
manner the centripetal acceleration on the surface of the Earth would need to exceed the 
acceleration due to gravity at the surface. This would require the Earth to rotate at less than 2 
hours per revolution (see Appendix A1: Angular momentum calculations).  Using conservation 
of angular momentum we can “bring” the Moon back to the Earth and we find that the Earth 
would only be rotating at about 5 hours per revolution, not physically fast enough to sling off 
material in the manner hypothesized by Darwin.   
The capture hypothesis states that the Moon formed someplace else in the solar system 
and upon passing close to the Earth became captured and trapped in Earth’s gravitational field 
(See, 1909). There are many problems associated with this model. First, the orbit of a capture 
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event would be highly eccentric. The Moon today has a nearly circular orbit, having an 
eccentricity of only 0.05. Second, the lunar rocks (as sampled by the Apollo Astronauts) are 
nearly identical to rocks from the Earth.  Evidence from meteorites has shown that objects from 
different parts of the solar system have highly specific chemical compositions; particularly the 
18O to 17O isotope ratios (see Appendix A). The observed similarity in the lunar ratios when 
compared with terrestrial samples makes it unlikely that the Moon formed independently, 
somewhere else in the solar system, and was later captured (Taylor, 2001). 
The collision hypothesis was first proposed in 1946 by Reginald Daly of Harvard then, 
following a 1974 conference about satellites, it re-emerged and was made highly popular by 
Hartmann and Davis’s paper in Icarus in 1975, which was followed by Cameron and Ward’s in 
1976. The collision or giant impact model proposes that the young proto-Earth was impacted at 
a glancing angle by a large Mars sized object as early as 30 to 100 million years after the Earth 
formed in the Solar System, (Hartmann, 1975; Brandon, 2007; Touboul et al., 2007).  The impact 
was violent enough to have ejected a substantial amount of the Earth’s mantle along with 
impactor material into orbit where it coalesced through accretion to form the Moon. This 
model addresses a number of details that the other models do not. The Moon is iron deficient 
since the glancing impact did not greatly disturb the Earth’s iron core but instead preferentially 
ejected mantle material into orbit. It also explains the similarity of lunar rock samples to rocks 
found on the Earth, the Moon formed from Earth’s ejected mantle material.  Most of the iron in 
the core of the Impactor is believed to have settled or “drained” into and merged with the core 
of the Earth, with just a small fraction of the impactor’s iron core being ejected resulting in the 
relatively small iron core of the Moon (Cameron, 1975).  One of the most important 
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considerations is that the Earth- Moon system has an unusually large amount of angular 
momentum and a glancing impact has the ability to generate angular momentum (Appendix A-
ii).  Smooth Particle Hydrodynamic (SPH) computer simulations indicate that just such a 
collision is possible and that an accreted Moon is a highly plausible outcome (Cameron, 1976, 
1988, 2000; Canup, 2000, 2004; Ida, 1997; et al.; Price, 2012).  Another key point observed in 
the lunar samples is the absence of siderophile elements, that is elements that are iron loving 
[Rhenium (Re) through Gold (Au) and Ruthenium (Ru) through Silver (Ag)] (Taylor, 2001; 
Brandon, 2007).  On the Earth these elements would have settled along with iron into the 
Earth’s core when the Earth differentiated, causing the Earth’s mantle to be deficient in 
siderophile elements.  Lunar samples exhibit a similar siderophile deficiency.  This is a key 
indicator that the lunar material formed in a location where iron was initially present but later 
migrated away taking siderophile elements with it. If the Moon had a large iron core then the 
low siderophile abundance would support the formation theory.  However the Moon’s iron 
core is small and the low abundance of these siderophile elements supports the theory that the 
Moon was formed by an impact with a fully differentiated object that had formed a substantial 
iron core prior to the impact event (Hartmann, 1974; Cameron, 1976; Canup, 2000, 2004).  
Given the physical and geochemical evidence it is plausible that the Moon was formed 
from a giant impact event, however we are still left with one very critical question; “what 
happened to the impactor?”  Computer models generally indicate that during a glancing impact 
the lunar debris cloud and thus the Moon will consist of some 70% to 90% impactor material 
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(Canup, 1996) while only 10% of the proto-
Earth is comprised of impactor material.  
Given these data if the impactor had 
formed somewhere else in the solar system 
then the Moon should have a measurably 
different oxygen isotopic signature that of 
the post collision Earth.  Detailed 
examination of the Apollo samples shows 
that the lunar samples plot directly along the terrestrial fractionation line (TFL)  and are virtually 
identical to rocks from the Earth (see Figure 1), indicating a common origin (Pahlevan, 2007).  In 
the figure squares represent oxygen isotope data from meteorites believed to have originated 
from Mars while the diamonds represent oxygen isotope data for lunar and earthen samples 
which clearly plot along the terrestrial fractionation line (TFL) for Earth.  
The sensitivity of isotope values in determining the provenance of the Moon forming 
impactor was addressed by Wiechert and Halliday in 2001.  In their seminal paper they 
computed the sensitivity of the Moon’s oxygen Δ17O isotope values to different amounts of 
post-impact (meteoritic) accretion on the Moon and determined that if more than about 5% of 
non-lunar material had been added to the Moon after its formation (assuming that it was 
initially identical with terrestrial samples) they would have been able to detect it in their study   
(Figure 2) Wiechert and Halliday depict the allowed fractional amounts of different post 
impactor materials that may have merged with the lunar material and still be able to derive the 
observed Earth-like isotopic characteristics observed in the Apollo samples to within two and 
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three standard deviations from the mean.  The shaded regions in the figure represent the lunar 
isotope values that would be undetectable 
in the dataset at the 2σ and 3σ standard 
deviation error of 0.016‰ and 0.005‰ 
respectively.  From the figure note that at 
the 2σ standard error only about 5%  of an 
HED impactor or Martian like impactor 
could have admixed with the lunar mantle 
(vertical dashed line) while at most about 
2% of H-chondrite like material could have 
been added.  While this study depicts the 
sensitivity of oxygen isotope values to 
different mass fractions of post-impact 
(admixed) material it also illustrates the 
problem, where is the impactor?  Why are the lunar samples identical with Earth if the 
computer models clearly indicate that a larger fraction of impactor material resided within the 
lunar debris field than within the Earth? 
Current impact models attempt to explain the homogeneity of the Earth and Moon 
through diffusive gas exchange between a magmatic earth and a magmatic lunar disk shortly 
after the collision (Pahlevan, 2007),  by decreasing the mass of the proto-Earth to some 70% of 
the Earth’s current mass (Cameron, 2000),  by utilizing an impactor which rivals the mass of the 
proto-Earth although this model develops and excessive amount of angular momentum (Canup, 
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2012) and by the incorporation of water-ice on the impactor (Wolbeck, 2009; see Appendix A4: 
the case for an icy impactor). 
The admix equation used by Wiechert and Halliday to examine the sensitivity of their 
isotope values to the late addition of meteoritic material on the Moon represents an overly 
simplistic approach to modeling the lunar isotope values which would result from a Moon 
forming giant impact.  The development of a comprehensive analytical method which has the 
ability to incorporate the alteration of the proto-Earth’s isotope values after mixing with the 
impactor, potential non-homologous iron core and silicate mantle mass fractions, the effect of a 
water-ice layer on the impactor, and inefficient accretion is a necessity if the range of potential 
impactor values is to be more rigorously explored. 
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Section 1  
 
Defining the impactor:  
Mass Ratio and Mass Fraction: γ and γc 
 During the giant impact event as the proto-Earth and impactor merge the resulting Earth 
and Moon will have isotope values which are a blend of the stable isotopic signatures of the 
impacting bodies.  Given that samples from meteorites indicate that there are unique isotopic 
differences between objects throughout the Solar 
System (Clayton, 1996) it is likely that the impactor 
had different isotopic values than did the proto-Earth 
with which it collided.  Since the original isotope 
values for the proto-Earth and the impactor are 
unknown they must be inferred from the values 
measured for the Earth and Moon as they exist 
today. The mass of the proto-Earth and the impactor 
play key roles in this analytical provenance process via a mass balance relationship. 
 The impact mass ratio (γ) or the impact mass fraction (γc) are important components of 
giant impact mass balance analytics in that they denote the relative mass of the impactor which 
mixed with the proto-Earth during the impact event (Figure 1-1).  The mass ratio (γ) represents 
the mass of the impactor (Mi) as a fraction of the mass of the proto-Earth (Mp). The mass fraction 
(γc) expresses the impactor mass as a fraction of the total system mass (MTot) and therefor can 
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be expressed as a percentage (Figure 1-2).  The impact mass ratio is related to the impact mass 
fraction as follows.  
Impact Mass Ratio defined:  
𝛾𝛾 ≡  𝑀𝑀𝑖𝑖
𝑀𝑀𝑝𝑝
  [1.1]  
𝑀𝑀𝑖𝑖 =  𝛾𝛾𝑀𝑀𝑝𝑝  [1.2]  
Impact Mass Fraction defined: 
𝛾𝛾𝑐𝑐 ≡  𝑀𝑀𝑖𝑖𝑀𝑀𝑝𝑝 + 𝑀𝑀𝑖𝑖 = 𝑀𝑀𝑖𝑖𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇  [1.3] 
 
The relationship between the mass fraction and the mass ratio can be found by combining the 
above equations: 
𝛾𝛾𝑐𝑐 ≡  � 𝑀𝑀𝑖𝑖𝑀𝑀𝑝𝑝 + 𝑀𝑀𝑖𝑖� = � 𝛾𝛾𝑀𝑀𝑝𝑝𝑀𝑀𝑝𝑝 + 𝛾𝛾𝑀𝑀𝑝𝑝�  [1.4] 
𝛾𝛾𝑐𝑐 = � 𝛾𝛾1 + 𝛾𝛾�   [1.5]  
Conversely the mass ratio and the mass fraction are related as follows: 
𝛾𝛾 = � 𝛾𝛾𝑐𝑐1 − 𝛾𝛾𝑐𝑐�  [1.6]  
 In modeling giant impact events; the impactor to total mass ratio or impact mass fraction 
has historically been used by Cameron and Canup (hence the “c” in γc) in their seminal work with 
smooth particle hydrodynamic (SPH) computer modeling and more recently by Reufer, 2012; 
Herwartz, 2014; et al.  Alternatively many recent models use the impactor to proto-Earth mass 
ratio, γ, (Marcus, 2010; Leinhardt, 2012; Stewart, 2012).   Table 1-1 can be used to compare some 
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common γ and γc values. Many of the seminal SPH 
simulations by Cameron and Canup indicated that a 
collision with a Mars sized impactor had the proper 
dynamics to eject adequate mass to a disk and to form a 
Moon while also imparting an appropriate amount of 
angular momentum.  This so called Mars-like impactor will 
be referred to as the “canonic impactor” or the “canonic 
impact scenario”.  Mars sized impactors have a mass 
fraction of γc = 0.11 (MMars = 0.107 ME) which corresponds 
to a mass ratio of γ = 0.12.  The difference between γ and 
γc for a Mars-like impactor is 11%.  Note that some simulation models use a total post-impact 
mass of 0.95 the mass of the Earth allowing for some post-impact accretion (Canup, 2004, 2012). 
Using the smaller system mass the canonic mass fraction will be slightly higher:  0.107/0.95 = 
0.113.   
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 Given the variability in modeling results the canonic mass fraction is often approximated 
over a range of γc ~ 0.10 to 0.15, (Canup, 2012), which corresponds to a mass ratio range for γ of 
(0.11 to 0.17).  Some recent simulations use the limiting case where the proto-Earth and impactor 
have equal masses (Canup, 2012) where γ will equal 1 while γc will be ½ (Figure 1-3). Care must 
be taken when reviewing literature and computer simulation data since it is common to see the 
same variable (γ) used for either the mass ratio or the mass fraction.  
Recently some impact researchers (Reufer, 2012; Herwartz, 2014; Young, 2016) have 
defined a new parameter to describe the “compositional variation between the Earth and 
Moon”, (δfT) (see Appendix A7) which uses instead the silicate mass fraction of proto-Earth, or 
target, material in the Earth (FP,tar).  Thus the mass fraction of proto-Earth material in the Earth 
(γpc) will be defined as: 
𝛾𝛾𝑝𝑝𝑐𝑐 ≡  𝑀𝑀𝑝𝑝𝑀𝑀𝑝𝑝 + 𝑀𝑀𝑖𝑖 = 𝑀𝑀𝑝𝑝𝑀𝑀𝐸𝐸  [1.7] 
 
Composition of the proto-Earth and impactor 
 Given that the true composition of the proto-
Earth and the impactor are unknown researchers must 
make reasonable assumptions regarding their 
construction. The majority of computer simulations 
define the proto-Earth and the impactor as fully 
differentiated planetesimals which have an iron core 
surrounded by a silicate (or dunite) mantle (Figure 1-
4).  A main premise in the giant impact model is that 
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the Earth is an assemblage of the proto-Earth and the impactor.  Using the canonic impact values 
the Earth is comprised of some 85% to 90% proto-Earth making it entirely reasonable to assume 
that the bulk fraction of iron and of silicates in the proto-Earth (Fp-Fe and Fp-Si) is similar in 
magnitude to what they currently are for the Earth (approximately 30% iron and 70% silicates).  
It is commonly assumed that the impactor was homologous with the proto-Earth having iron and 
silicate bulk fractions (FFe and FSi) of 30% iron and 70% silicates (Canup 2004, Cameron 2001) as 
well.   
 
Canonic impactor defined: 
 
The canonic impactor shall be defined as a 
differentiated planetesimal which has a mass 
which is some 10% to 20 % of the mass of the 
proto-Earth and is composed of a 30% iron (core) 
and a 70% silicate (mantle) and is homologous with 
the proto-Earth with which it collides (Figure 1-5). 
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Section 2  
 
Three Body Isotopic Mass Balance Equation: [3BMB] 
When two distinct reservoirs having different geochemical component abundances are 
mixed together the resulting component abundance (Df) can be predicted using a mass or 
material balance relationship.  If the component abundances are stable (not physically altered 
during the mixing-heating event) the material balance relationship can be modeled as a mass 
weighted average of the isotope values of the 
source reservoirs as follows; 
 
𝐷𝐷𝑓𝑓 = 𝑀𝑀𝑝𝑝𝐷𝐷𝑝𝑝 + 𝑀𝑀𝑖𝑖𝐷𝐷𝑖𝑖𝑀𝑀𝑝𝑝 + 𝑀𝑀𝑖𝑖  [2.1]     [3𝐵𝐵𝑀𝑀𝐵𝐵] 
 
𝐷𝐷𝑓𝑓 = � 𝑀𝑀𝑝𝑝𝑀𝑀𝑝𝑝 + 𝑀𝑀𝑖𝑖�𝐷𝐷𝑝𝑝 + � 𝑀𝑀𝑖𝑖𝑀𝑀𝑝𝑝 + 𝑀𝑀𝑖𝑖�𝐷𝐷𝑖𝑖  [2.2] 
 
Here Mp and Dp represent the original proto-
planet’s reservoir mass and component 
abundance, Mi and Di are the impactor reservoir mass and component abundance and the final 
or total system reservoir mass equals (MTot = Mp + Mi) assuming that there is no mass or 
component loss (Figure 2-1).  The 3 body mass balance equation [3BMB] equation (so named 
 16 
 
since two source reservoirs merge to form one final reservoir) is the basis or starting point for all 
of the impact mass balance relationships.   
Defining the fractional reservoir mass contributions of the impactor and the proto-planet 
to the final planet as fi and fpp: 
𝑓𝑓𝑖𝑖 ≡
𝑀𝑀𝑖𝑖
𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇
   [2.3] 
𝑓𝑓𝑝𝑝𝑝𝑝 ≡
𝑀𝑀𝑝𝑝
𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇
  [2.4] 
𝑓𝑓𝑝𝑝𝑝𝑝 + 𝑓𝑓𝑖𝑖 ≡ 𝑀𝑀𝑝𝑝𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 + 𝑀𝑀𝑖𝑖𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑀𝑀𝑝𝑝 + 𝑀𝑀𝑖𝑖𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 = 1   [2.5] 
𝑓𝑓𝑝𝑝𝑝𝑝 = (1 −  𝑓𝑓𝑖𝑖)  [2.6] 
Combining [2.3] and [2.4] with [2.2] yields: 
𝐷𝐷𝑓𝑓 = � 𝑀𝑀𝑝𝑝𝑀𝑀𝑝𝑝 + 𝑀𝑀𝑖𝑖�𝐷𝐷𝑝𝑝 + � 𝑀𝑀𝑖𝑖𝑀𝑀𝑝𝑝 + 𝑀𝑀𝑖𝑖�𝐷𝐷𝑖𝑖 = 𝑓𝑓𝑝𝑝𝑝𝑝𝐷𝐷𝑝𝑝 + 𝑓𝑓𝑖𝑖𝐷𝐷𝑖𝑖   [2.7] 
𝐷𝐷𝑓𝑓 = (1 − 𝑓𝑓𝑖𝑖)𝐷𝐷𝑝𝑝 + 𝑓𝑓𝑖𝑖𝐷𝐷𝑖𝑖   [2.8]   [3𝐵𝐵𝑀𝑀𝐵𝐵 − 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝] 
The 3BMB-post equation [2.8] predicts the final isotope value when two impacting reservoirs 
merge forming one post-impact or final body for any given fraction of impactor material in the 
final body. 
The 3BMB-post equation can be used to solve the resulting change in the geochemical 
abundance of the primary (larger) proto-planet: ΔDp = (Df – Dp) as a function of the proportion of 
impactor material ( fi) admixed with the proto-planet during the collision. 
∆𝐷𝐷𝑝𝑝 ≡ (𝐷𝐷𝑓𝑓 − 𝐷𝐷𝑝𝑝) = (1 − 𝑓𝑓𝑖𝑖)𝐷𝐷𝑝𝑝 + 𝑓𝑓𝑖𝑖𝐷𝐷𝑖𝑖 − 𝐷𝐷𝑝𝑝   [2.9] 
∆𝐷𝐷𝑝𝑝 = 𝐷𝐷𝑝𝑝 − 𝑓𝑓𝑖𝑖𝐷𝐷𝑝𝑝 + 𝑓𝑓𝑖𝑖𝐷𝐷𝑖𝑖 − 𝐷𝐷𝑝𝑝   [2.10] 
∆𝐷𝐷𝑝𝑝 = 𝑓𝑓𝑖𝑖(𝐷𝐷𝑖𝑖 − 𝐷𝐷𝑝𝑝)   [2.11]   𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑝𝑝𝐴𝐴𝑝𝑝𝐸𝐸. 
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Since equation [2.11] can be used to determine the change in component abundances whenever 
foreign component material is admixed with a primary body it will be referred to as the Admix 
Equation.  Alternately, the value (Df-Dp) may represent the minimum detectable isotope 
difference based on the fraction (fdet) of a foreign component that can be admixed into a sample 
pool where the resulting change in abundance of the sample pool (Df-Dp)det will be below a 
detectible limit (ΔDdet) often defined by the uncertainty within the sample populations.  Solving 
the Admix equation for the detectable fraction of impactor material and substituting in the 
detectable terms yields: 
∆𝐷𝐷𝑑𝑑𝑑𝑑𝑇𝑇 ≡ �𝐷𝐷𝑓𝑓 − 𝐷𝐷𝑝𝑝�𝑑𝑑𝑑𝑑𝑇𝑇 =  𝑓𝑓𝑑𝑑𝑑𝑑𝑇𝑇(𝐷𝐷𝑖𝑖 − 𝐷𝐷𝑝𝑝)[2.12] 
𝑓𝑓𝑑𝑑𝑑𝑑𝑇𝑇 = ∆𝐷𝐷𝑑𝑑𝑑𝑑𝑇𝑇(𝐷𝐷𝑖𝑖 − 𝐷𝐷𝑝𝑝)  [2.13]    [3𝐵𝐵𝑀𝑀𝐵𝐵 − 𝐴𝐴𝑑𝑑𝑝𝑝] 
𝑓𝑓𝑑𝑑𝑑𝑑𝑇𝑇 = (𝐷𝐷𝑓𝑓 − 𝐷𝐷𝑝𝑝)𝑑𝑑𝑑𝑑𝑇𝑇(𝐷𝐷𝑖𝑖 − 𝐷𝐷𝑝𝑝)   [2.14] 
 
The three body admix relationships assume complete homogeneous mixing of the two 
impacting reservoirs of concern, that the tracer abundances are stable and that there are no mass 
or component losses. In the case of a differentiated planetesimal the geochemical tracers may 
be siderophile isotopes where the reservoirs (represented by Mp and Mi) may be the iron/nickel 
cores or in the case of lithophile isotopes the bulk silicate mantles. 
 
During the natural course of planetary evolution from planetesimal to planet the Admix 
Equation may be used to determine the change in the isotopic abundances as a growing 
planetesimal collides with and accretes smaller impacting objects which have different isotopic 
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signatures.  Some common solar system isotopic tracers are:  calcium, hafnium, neodymium, 
niobium, oxygen, silicon, titanium, tungsten and zinc.  The final isotopic abundances of each of 
these elements represent the relic values inherited from the assortment of impactors that 
stochastically accreted to form the planet. 
 
Discussion/ Application: Wiechert and Halliday, 2001.   
Oxygen being the third most common element in the solar system is a useful isotopic 
indicator for determining the provenance of solar system objects. The value Δ17O (“del oxygen 
17”) is a relative measure of the vertical offset of foreign material from the TFL (terrestrial 
fractionation line) on a three oxygen plot (δ17O vs. δ18O; “delta oxygen 17 or 18”) and is defined 
as:   Δ17O = 0.5245 ∗ δ18O + δ17O   typically measured in ppmil, ‰ (Wiechert, 2001, et.al.).  By 
definition the Earth has a Δ17O equal to zero (within the tolerance of the sample pool). In 2001 
Wiechert and Halliday presented new Δ17O data for 30 Apollo lunar samples and one lunar 
meteorite using high-precision CO2 laser fluorination techniques to measure the isotopic ratios 
of 18O, 17O and 16O. They determined that the Earth and Moon silicate mantles have identical 
Δ17O values to within the degree of uncertainly in their data of ± 0.016‰ (2σ) or ±0.005‰ (3σ). 
 In order to give some estimate of the sensitivity of their results they postulated the 
maximum fraction of meteoritic material that could have been admixed into the Moon post-
impact that would be below the detectable limit of their methods if the impacting material were 
similar to meteorites from Mars, HED (Vesta) or H-Chondrites, which have Δ17O values of +0.32, 
-0.28 and +0.7 in ‰ respectively (Wiechert, 2001).  In their paper they state:  
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      “Planetesimals with a similar Δ17O as Mars admixed to any of the lunar 
samples would need to be present in proportions of >5% to be detectable using 
oxygen isotopes” p.348. 
Using the 3BMB-post equation [2.8] the final Δ17O values (Df) can be plotted as a function 
of the mass fraction of admixed meteoritic (impactor) material (fi) where Dp is set equal to zero 
assuming the pre-admix lunar Δ17O was identical with the Earth (an interesting assumption in 
itself). 
𝐷𝐷𝑓𝑓 = (𝐷𝐷𝑖𝑖)𝑓𝑓𝑖𝑖      [2.15] 
Equation [2.15] was used to generate the mixing lines for the hypothetical impactors posited by 
Wiechert and Halliday and depicted in Figure 2-2.  The slope of the mixing lines for each impactor 
is determined solely by the Δ17O value of the admixed impactor material (Di).  The intersection of 
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the mixing lines with the horizontal dashed lines representing the levels of uncertainty in the 
dataset represents the largest fraction of impactor material that would net have been detectable 
by the methods employed by Wiechert and Halliday (5% in the case of a Mars-like impactor 
identified by the vertical dashed line).   The 3BMB-det equation can also be used to calculate the 
maximum or detectible fraction (fdet) of admixed material that would lie within the range of 
uncertainty in the data (ΔDdet) where again Dp equals zero assuming that the young Moon had 
the same Δ17O as the present day Earth: 
𝑓𝑓𝑑𝑑𝑑𝑑𝑇𝑇 = ∆𝐷𝐷𝑑𝑑𝑑𝑑𝑇𝑇𝐷𝐷𝑖𝑖      [2.16] 
The range of detectable fractions of the 
hypothetical impactors can be found using equation 
[2.16] and setting the detectible difference (ΔDdet) to 
0.016‰ or 0.005‰, the 2σ and 3σ level of uncertainty 
in Wiechert and Halliday’s data (Table 2-1).  As stated by 
Wiechert and Halliday, for Mars-like material a 
maximum of 5% at 2σ, or 2% at 3σ could have been 
admixed into the Moon post-impact event and not would not have been detectable using their 
methods. 
The sensitivity of Wiechert and Halliday’s oxygen data also sets an upper limit on the 
different fractions of material that the Earth and Moon could have each inherited from the 
impactor.  For the Earth and Moon to have such apparently identical Δ17O values implies that 
they must have each received nearly the same fraction of impactor material (fi) or that the proto-
Earth and the impactor had virtually identical Δ17O values to begin with.  This is unresolved since 
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the majority impact simulations predict that the Moon obtained between 60% and 90% impactor 
material while the Earth acquired less than 20% impactor material, a vast difference in inherited 
fractions.  Further, since different objects sampled from throughout the solar system (via 
meteorites) have different Δ17O values, it is unlikely that the impactor and the proto-Earth had 
identical Δ17O values.  This is a major unresolved problem for the giant impact model and the 
impetus for the development of a more comprehensive approach to impact isotope analytics 
than the 3BMB method provides.  
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Section 3 
4 Body Mass Balance Relationship: [4BMB] 
The three body mass balance admix equations by themselves represent an overly 
simplistic method for modeling a Moon forming giant impact in that they do not take into account 
changes that took place to the proto-Earth’s 
isotope values when it merged with the 
impactor.  It is highly likely that the proto-Earth 
and the impactor had different isotope values 
as do most of the solar system bodies that have 
been sampled thus far (except the Moon). 
Assuming that the impactor and the proto-
Earth were isotopically different, the Earth’s 
present day isotope values are necessarily 
different than those of the proto-Earth. Since 
the proto-Earth and impactor values cannot be 
measured (as these bodies no longer exist apart), their values must be inferred. The four body 
mass balance model [4BMB] for a homologous proto-Earth and impactor colliding to form the 
Earth and Moon does just this by accounting for the proto-Earth’s isotopic change (Figure 3-1).  
Incorporating the inferred proto-Earth values provides a more comprehensive method to track 
the changes in the geochemical and isotopic values during a giant impact event.  
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 Applying the three body mass balance [3BMB] equation [2.1] to an impactor merging with 
the proto-Earth to form the Earth results in the following relationships for the Earth’s isotopic 
values: 
𝐷𝐷𝐸𝐸 = 𝑀𝑀𝑝𝑝𝐷𝐷𝑝𝑝 + 𝑀𝑀𝑖𝑖𝐷𝐷𝑖𝑖𝑀𝑀𝑝𝑝 + 𝑀𝑀𝑖𝑖    [3.1]  [3𝐵𝐵𝑀𝑀𝐵𝐵 − 𝐸𝐸𝐸𝐸𝐸𝐸𝑝𝑝ℎ] 
Using the impact ratio, γ: 
𝑀𝑀𝑖𝑖 =  𝛾𝛾𝑀𝑀𝑝𝑝   [3.2]  
𝐷𝐷𝐸𝐸 = 𝑀𝑀𝑝𝑝𝐷𝐷𝑝𝑝 + 𝛾𝛾𝑀𝑀𝑝𝑝𝐷𝐷𝑖𝑖𝑀𝑀𝑝𝑝 + 𝛾𝛾𝑀𝑀𝑝𝑝   [3.3] 
𝐷𝐷𝐸𝐸 = 𝐷𝐷𝑝𝑝 + γ𝐷𝐷𝑖𝑖1 + γ   [3.4] 
Solving for the proto-Earth value: 
𝐷𝐷𝑝𝑝 = 𝐷𝐷𝐸𝐸(1 + γ) − γ𝐷𝐷𝑖𝑖    [3.5] [4𝐵𝐵𝑀𝑀𝐵𝐵 − 𝑝𝑝𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸𝐸𝐸𝑝𝑝ℎ] 
Here Dp, DE and Di are the isotope values of the proto-Earth, the Earth and the impactor 
respectively while Mp and Mi are the proto-Earth and impactor reservoir masses. The 4BMB-
protoEarth equation [3.5] assumes that no mass is lost from the system. 
Note; if the isotopes being measured involve the use of Δ or ε schematics, which use the 
Earth as a standard reference, then DE becomes zero and equation [3.5] reduces to:  
𝐷𝐷𝑝𝑝 = −γ𝐷𝐷𝑖𝑖     [3.6]  [4BMB − protoEarth terr. ref]  
This simplified relation for the proto-Earth isotope value is very insightful. For example, if the 
impactor were enriched in an isotope with respect to the Earth, then the proto-Earth must have 
been depleted in that same isotope. The amount of depletion is directly related to the ratio of 
the merging impactor and the proto-Earth’s mass (γ).  We shall see that the impact ratio plays an 
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important role in any comprehensive collision mass balance process in that it accounts for the 
isotope changes that occurred in the proto-Earth during the collision.  
The three body mass balance equation can also be applied to the circum-terrestrial disk 
where mp is the amount of proto-Earth bulk reservoir mass ejected and mi is the impactor bulk 
reservoir mass ejected during the impact (the lower case variables here indicate ejected mass).  
Any ejected mass must suffer one of three fates; expulsion from the system completely, return 
to the Earth or coalesce with the Moon. In either case the isotopes are assumed to be well mixed 
during the collision and ejection processes and that the Moon will have the same isotope values 
as the disk from which it forms. 
Defining the lunar fraction f as the mass fraction of impactor reservoir mass which 
constitute the Moon (or the disk) and fp as the mass fraction of the proto-Earth reservoir mass 
which forms the Moon or the disk; 
𝑓𝑓 ≡
𝐴𝐴𝑖𝑖
𝐴𝐴𝑝𝑝 + 𝐴𝐴𝑖𝑖 = (1 − 𝑓𝑓𝑝𝑝)  [3.7]  
𝑓𝑓𝑝𝑝 ≡
𝐴𝐴𝑝𝑝
𝐴𝐴𝑝𝑝 + 𝐴𝐴𝑖𝑖 = (1 − 𝑓𝑓)  [3.8] 
Applying the [3BMB] equation [2.1] to the isotope values of the ejected disk: 
𝐷𝐷𝑚𝑚 = 𝐴𝐴𝑝𝑝𝐷𝐷𝑝𝑝 + 𝐴𝐴𝑖𝑖𝐷𝐷𝑖𝑖𝐴𝐴𝑝𝑝 + 𝐴𝐴𝑖𝑖      [3.9]  
  or:  
𝐷𝐷𝑚𝑚 = 𝑓𝑓𝑝𝑝𝐷𝐷𝑝𝑝 + 𝑓𝑓𝐷𝐷𝑖𝑖    [3.10] 
𝐷𝐷𝑚𝑚 = (1 − 𝑓𝑓)𝐷𝐷𝑝𝑝 + 𝑓𝑓𝐷𝐷𝑖𝑖        [3.11]  [3𝐵𝐵𝑀𝑀𝐵𝐵 −𝑀𝑀𝑝𝑝𝑝𝑝𝐸𝐸] 
and solving for the proto-Earth concentration (Dp) yields: 
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𝐷𝐷𝑝𝑝 = 𝐷𝐷𝑚𝑚 − 𝑓𝑓𝐷𝐷𝑖𝑖1 − 𝑓𝑓    [3.12]  [4𝐵𝐵𝑀𝑀𝐵𝐵 − 𝑝𝑝𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸𝐸𝐸𝑝𝑝ℎ − 𝑀𝑀𝑝𝑝𝑝𝑝𝐸𝐸] 
The 4BMB-protoEarth-Moon equation [3.12] can be combined with the 4BMB-protoEarth 
equation [3.5] to eliminate Dp: 
𝐷𝐷𝑝𝑝 = 𝐷𝐷𝑚𝑚 − 𝑓𝑓𝐷𝐷𝑖𝑖1 − 𝑓𝑓 = 𝐷𝐷𝐸𝐸(1 + γ) − γ𝐷𝐷𝑖𝑖  [3.13]  
𝐷𝐷𝑚𝑚 − 𝑓𝑓𝐷𝐷𝑖𝑖 = 𝐷𝐷𝐸𝐸(1 + γ)(1 − f) − γ(1 − f)𝐷𝐷𝑖𝑖  [3.14]  
𝐷𝐷𝑚𝑚 = 𝐷𝐷𝐸𝐸(1 + γ)(1 − f) − γ(1 − f)𝐷𝐷𝑖𝑖 + 𝑓𝑓𝐷𝐷𝑖𝑖    [3.15] 
 
𝐷𝐷𝑚𝑚 = (1 − 𝑓𝑓)(1 + 𝛾𝛾)𝐷𝐷𝐸𝐸 + (𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾)𝐷𝐷𝑖𝑖    [3.16] [4𝐵𝐵𝑀𝑀𝐵𝐵] 
 
The four body mass balance [4BMB] equation [3.16] will give a reasonable estimate of the 
isotopic values for the Moon based on the relative size of the impactor (γ), the fraction of 
impactor in the Moon (f), as well as the impactor and the Earth’s isotopic values.  The [4BMB] 
equation circumvents the proto-Earth isotopic value although the proto-Earth value is inferred in 
the solution. 
 
4BMB:  DISCUSSION and APPLICATIONS. 
A. Wiechert and Halliday, 2001. 
Discussion: To understand the importance of the 4BMB equations it will be of benefit to 
review a simplified application.  If the isotopes being measured use Δ or ε schematics which use 
the Earth as the standard reference then DE = 0 and the 4BMB equation; 
𝐷𝐷𝑚𝑚 = (1 − 𝑓𝑓)(1 + 𝛾𝛾)0 + (𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾)𝐷𝐷𝑖𝑖    [3.17] 
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 reduces to: 
𝐷𝐷𝑚𝑚 = (𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾)𝐷𝐷𝑖𝑖    [3.18][4𝐵𝐵𝑀𝑀𝐵𝐵 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓. ] 
The 4BMB terrestrial reference equation [3.18] can be written in a linear form where the 
variables are the lunar isotope value (Dm) and the lunar fraction of impactor silicates in the Moon 
( f ): 
𝐷𝐷𝑚𝑚 = 𝐷𝐷𝑖𝑖(1 + 𝛾𝛾)𝑓𝑓 − 𝛾𝛾𝐷𝐷𝑖𝑖     [3.19] 
Recognizing that the y-intercept (–γDi) represents the initial proto-Earth isotope concentration, 
Dp [see 3.6], the dependence of the lunar value Dm on Dp can be observed: 
𝐷𝐷𝑚𝑚 = (𝐷𝐷𝑖𝑖 + 𝛾𝛾𝐷𝐷𝑖𝑖)𝑓𝑓 − 𝛾𝛾𝐷𝐷𝑖𝑖  [3.20] 
𝐷𝐷𝑚𝑚 = �𝐷𝐷𝑖𝑖 + 𝐷𝐷𝑝𝑝�𝑓𝑓 − 𝐷𝐷𝑝𝑝  [3.21] 
 The conditions for Dm to equal zero occur when the lunar isotope values are identical with the 
Earth (Dm = DE = 0 in this case).  Setting Dm to zero in equation [3.19] and solving for the lunar 
fraction which allows this; f ≡ f0 yields: 
𝐷𝐷𝑚𝑚 = 0 = 𝐷𝐷𝑖𝑖(1 + 𝛾𝛾)𝑓𝑓0 − 𝛾𝛾𝐷𝐷𝑖𝑖     [3.21] 
𝑓𝑓0 = 𝛾𝛾𝐷𝐷𝑖𝑖(1 + 𝛾𝛾)𝐷𝐷𝑖𝑖   [3.22] 
𝑓𝑓0 = � 𝛾𝛾1 + 𝛾𝛾� = � 𝑀𝑀𝑖𝑖 𝑀𝑀𝑝𝑝�1 + 𝑀𝑀𝑖𝑖 𝑀𝑀𝑝𝑝� � = � 𝑀𝑀𝑖𝑖𝑀𝑀𝑝𝑝 + 𝑀𝑀𝑖𝑖� ≡ 𝛾𝛾𝑐𝑐   [3.23] 
Thus the f0 condition occurs when the Moon inherits the same total mass fraction of impactor 
reservoir material as does the Earth (f0 = γc).  The exactness of this condition is in fact a major 
problem for the giant impact model since current impact simulations indicate that the Moon has 
an f of some 40% to 90% impactor material while the Earth has a γc somewhere between 10% 
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and 20% impactor material based on canonic SPH models.  Much work has been done recently 
to bring these percentages in-line (Wolbeck, 2010; Reufer, 2012; Canup 2012) but the 
discrepancy persists. 
Application 1:  Based on Wiechert and Halliday’s 2001 oxygen isotope analysis and using only the 
Mars-like hypothetical impactor (Δ17O Mars = 0.32‰) the resulting Δ17O for the Moon as the 
mass fraction of impactor silicates in the Moon (f) increases can be plotted using equation [3.19] 
for different impact ratios in the canonic range (Figure 3-2).  From the figure it is readily observed 
that as γ increases the slope of the mixing line becomes steeper while the y-intercept (-Dp) 
becomes more negative. Any increase in γ effectively shifts the mixing lines further to the right, 
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allowing for a larger undetectable maximum fraction of impactor silicates in the Moon. The long 
and short dashed horizontal lines again indicate the detectible limit for Δ17O at 2 and 3 standard 
deviations (0.016‰ and 0.005‰ respectively).  The γ value of the zero mixing line specifies that 
no impactor material is incorporated into the proto-Earth and that impactor material admixed 
solely with the Moon (same mixing line as depicted in Wiechert and Halliday’s Figure 2-2), which 
is a questionable scenario.  In fact for a γ equal to zero the 4BMB equation [3.19] necessarily 
reduces to the 3BMB Admix equation.  Using a γ of zero ignores the effect of the impactor mixing 
with the proto-Earth and omits any change in the proto-Earth isotope values. This would be 
acceptable if the proto-Earth isotope values were identical with the impactor, however if the 
impactor and proto-Earth values were different then this is an inaccurate computation.  To 
incorporate isotopic differences between the impactor and the proto-Earth the 4BMB equations 
with γ > 0 must be used.   As γ increases, the mixing lines shift to the right and the 5% fraction of 
Mars-like material that would be below the 2σ detectible limit of 0.016‰ determined by 
Wiechert and Halliday increases to 14% for a γ of 0.1 and to 21% for a γ of 0.2. 
It is important to note that Wiechert and Halliday in one sense were appropriately using 
the admix relationship to indicate the similarity of their measured Earth and Moon Δ17O values 
since part of their intent was to compute the maximum amount of foreign meteoritic material 
that could have been admixed into the Moon post-impact event that would have been 
undetectable by their methods.  As they state; “Therefore, we can exclude the possibility that 
…>5% ...have been admixed to any of the lunar samples” (post-impact).  It also worthwhile to 
note that their premise does assume that the Earth and Moon had identical values to begin with.   
Interestingly, Wiechert and Halliday also state that; 
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“If the impactor had formed from the same raw materials as Mars…then 
all lunar samples must have obtained, within 2%, the same portion from the 
impactor and proto-Earth as obtained by Earth using the triple standard 
error…”p.347. 
This is incorrect.  The 4BMB relationship indicates that as much as 18% for a γ = 0.2 (at the 3σ 
error of 0.005‰) would be undetectable by their methods.  The difference between Wiechert 
and Halliday’s stated 2% (at 3σ) maximum undetectable fraction and the 4BMB computed 
fractions illustrates the importance of employing a four body mass balance approach when 
performing impact isotope analytics. 
A similar discussion can be made for an H-Chondrite-like impactor (Δ17O= 0.7‰) or a  
HED-like impacting body (Δ17O = -0.27‰) the results of which are depicted in Figure 3-3 and  
Figure 3-4.  
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 Application 2:  The maximum mass fraction (fmax) of impactor silicates that would be 
below a detectable limit can be directly calculated for different impact mass ratios, γ. Defining 
ΔDm-E as the detectible difference between the Moon and Earth isotope values and solving the 
4BMB-proto-Earth equation [3.5] for DE: 
𝐷𝐷𝑝𝑝 = 𝐷𝐷𝐸𝐸(1 + γ) − γ𝐷𝐷𝑖𝑖     [3.24] [4𝐵𝐵𝑀𝑀𝐵𝐵 − 𝑝𝑝𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸𝐸𝐸𝑝𝑝ℎ] 
𝐷𝐷𝐸𝐸 = 𝐷𝐷𝑝𝑝 + γ𝐷𝐷𝑖𝑖1 + γ    [3.25] 
 The 3BMB-Moon relationship of equation [3.11]; 
𝐷𝐷𝑚𝑚 = (1 − 𝑓𝑓)𝐷𝐷𝑝𝑝 + 𝑓𝑓𝐷𝐷𝑖𝑖       [3.26] [3𝐵𝐵𝑀𝑀𝐵𝐵 −𝑀𝑀𝑝𝑝𝑝𝑝𝐸𝐸] 
 Can be used to find the detectable difference between the Moon and Earth samples as follows: 
∆𝐷𝐷𝑚𝑚−𝐸𝐸 ≡ (𝐷𝐷𝑚𝑚 − 𝐷𝐷𝐸𝐸)  [3.27] 
∆𝐷𝐷𝐴𝐴𝑀𝑀−𝐸𝐸 = (1 − 𝑓𝑓)𝐷𝐷𝑝𝑝 + 𝑓𝑓𝐷𝐷𝑖𝑖 − �𝐷𝐷𝑝𝑝 + γ𝐷𝐷𝑖𝑖1 + γ �    [3.28] 
∆𝐷𝐷𝑚𝑚−𝐸𝐸 = (1 − 𝑓𝑓)(1 + 𝛾𝛾)𝐷𝐷𝑝𝑝 + 𝑓𝑓(1 + 𝛾𝛾)𝐷𝐷𝑖𝑖 − (𝐷𝐷𝑝𝑝 + γ𝐷𝐷𝑖𝑖)(1 + 𝛾𝛾)    [3.29] 
∆𝐷𝐷𝑚𝑚−𝐸𝐸 = [(1 − 𝑓𝑓)(1 + 𝛾𝛾) − 1]𝐷𝐷𝑝𝑝 + [𝑓𝑓(1 + 𝛾𝛾) − γ]𝐷𝐷𝑖𝑖(1 + 𝛾𝛾)   [3.30] 
∆𝐷𝐷𝑚𝑚−𝐸𝐸 = [1 + 𝛾𝛾 − 𝑓𝑓 − 𝑓𝑓𝛾𝛾 − 1]𝐷𝐷𝑝𝑝 + [𝑓𝑓 + 𝑓𝑓𝛾𝛾 − γ]𝐷𝐷𝑖𝑖(1 + 𝛾𝛾)   [3.31] 
∆𝐷𝐷𝑚𝑚−𝐸𝐸 = [𝛾𝛾 − 𝑓𝑓 − 𝑓𝑓𝛾𝛾]𝐷𝐷𝑝𝑝 + [−γ + 𝑓𝑓 + 𝑓𝑓𝛾𝛾]𝐷𝐷𝑖𝑖(1 + 𝛾𝛾)   [3.32] 
∆𝐷𝐷𝑚𝑚−𝐸𝐸 = −[−𝛾𝛾 + 𝑓𝑓 + 𝑓𝑓𝛾𝛾]𝐷𝐷𝑝𝑝 + [−γ + 𝑓𝑓 + 𝑓𝑓𝛾𝛾]𝐷𝐷𝑖𝑖(1 + 𝛾𝛾)   [3.33] 
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∆𝐷𝐷𝑚𝑚−𝐸𝐸 = [𝑓𝑓 + 𝑓𝑓𝛾𝛾 − 𝛾𝛾](𝐷𝐷𝑖𝑖 − 𝐷𝐷𝑝𝑝)(1 + 𝛾𝛾)     [3.34] [4BMB 𝐷𝐷𝐴𝐴𝑓𝑓𝑓𝑓 𝑀𝑀 − 𝐸𝐸] 
The 4BMB-Diff M-E equation [3.34] presents some challenges in that it requires knowledge of the 
proto-Earth isotopic values.  Interestingly, for schematics which use the Earth as a standard 
reference (DE = 0) the detectable difference between the Moon and Earth becomes: 
𝛥𝛥𝐷𝐷𝑚𝑚−𝐸𝐸 = (𝐷𝐷𝑚𝑚 − 0) ≡ ∆𝐷𝐷𝑚𝑚    [3.35] 
and using the 4BMB-proto-Earth terr.ref  equation [3.6] value for Dp; 
𝐷𝐷𝑝𝑝 = −𝛾𝛾𝐷𝐷𝑖𝑖       [3.36][4𝐵𝐵𝑀𝑀𝐵𝐵 − 𝑝𝑝𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸𝐸𝐸𝑝𝑝ℎ 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓] 
  the 4BMB Diff M-E equation [3.34] can be reduced to: 
∆𝐷𝐷𝑚𝑚 = [𝑓𝑓 + 𝑓𝑓𝛾𝛾 − 𝛾𝛾](𝐷𝐷𝑖𝑖 − (−𝛾𝛾𝐷𝐷𝑖𝑖))(1 + 𝛾𝛾)    [3.37] 
∆𝐷𝐷𝑚𝑚 = [𝑓𝑓 + 𝑓𝑓𝛾𝛾 − 𝛾𝛾](1 + 𝛾𝛾)𝐷𝐷𝑖𝑖(1 + 𝛾𝛾)   [3.38] 
∆𝐷𝐷𝑚𝑚 = [𝑓𝑓 + 𝑓𝑓𝛾𝛾 − 𝛾𝛾]𝐷𝐷𝑖𝑖     [3.39] [𝐷𝐷𝐴𝐴𝑓𝑓𝑓𝑓 𝑀𝑀 − 𝐸𝐸 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓] 
In this form the impactor’s effect on the detectable 
difference between the Moon and the Earth’s 
isotope values can be directly computed for 
different γ and f parameters circumventing 
knowledge of the proto-Earth values.  Equation 
[3.39] can be solved for f = fmax defined as the 
maximum undetectable fraction of impactor 
material in the Moon, given the measured or 
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detectable difference between the Moon and Earth samples for terrestrial isotope schematics 
where (DE = 0); 
∆𝐷𝐷𝑚𝑚 = [𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚(1 + 𝛾𝛾) − 𝛾𝛾]𝐷𝐷𝑖𝑖    [3.40]         
𝛥𝛥𝐷𝐷𝑚𝑚 = 𝐷𝐷𝑖𝑖(1 + 𝛾𝛾)𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 − 𝛾𝛾𝐷𝐷𝑖𝑖   [3.41] 
𝛥𝛥𝐷𝐷𝑚𝑚 + 𝛾𝛾𝐷𝐷𝑖𝑖 = 𝐷𝐷𝑖𝑖(1 + 𝛾𝛾)𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚   [3.42] 
𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 = 𝛥𝛥𝐷𝐷𝑚𝑚 + 𝛾𝛾𝐷𝐷𝑖𝑖𝐷𝐷𝑖𝑖(1 + 𝛾𝛾)       [3.43][4𝐵𝐵𝑀𝑀𝐵𝐵 − 𝐴𝐴𝑑𝑑𝑝𝑝𝑓𝑓. 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓. ] 
The 4BMB-detf.terr.ref equation [3.43] directly computes the maximum undetectable or allowed 
fraction of impactor silicates given an assumed impactor isotope value, an impact mass ratio, and 
the range of the uncertainty in the dataset (ΔDm) for lunar isotope values which use the Earth as 
the standard reference.  Table 3-1 lists the computed maximum fraction of impactor silicates that 
would not be detectible at the 2σ standard deviation level of uncertainly of Wiechert and 
Halliday’s dataset for Δ17O (ΔDM = ± 0.016‰) for three potential impacting Solar System objects; 
Mars (0.32‰), H-Chondrites (0.7‰) and HED Vesta (-0.28‰) across the canonic range of 
impactor mass ratios, γ.  Here a γ of zero again represents the oversimplified 3BMB Admix 
relationship which omits any proto-Earth contributions.  As the mass ratio increases the allowed 
fraction of impactor increases dramatically.  For γ = 0.2 the fraction for a Mars-like impactor is 
fully fourfold the 3BMB Admix values presented by Wiechert and Halliday.  The large increase for 
an H-Chondrite-like impactor (eight fold at γ = 0.2) indicates the sensitivity of the four body mass 
balance computations to not only the mass ratio but the impactor isotope value as well.  
The increase in the allowed or maximum undetectable fraction fmax of impactor in the 
Moon as γ increases can be clearly observed in Figure 3-5, which was generated using the 4BMB-
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detf.terr.ref equation [3.43].  The 3BMB Admix fractions can be observed at γ = 0.  As γ 
approaches 50% the undetectable fraction for Mars-like impactor approaches 35%, some 700% 
larger than the 5% fraction that Wiechert and Halliday present. 
From this discussion it is clear that the contributions of the proto-Earth’s isotope values 
must be accounted for in any giant collision Moon forming impact isotopic mass balance 
computation, and that the 3BMB Admix relationship is an extreme oversimplification of the 
resulting isotope relationships. 
  
 
B. Zhang et.al, 2012:   
Using a new procedure for chemically separating titanium and an enhanced multi-collector 
inductively coupled plasma mass spectrometry (MC-ICPMS) technique Zhang et al. measured the 
ε50Ti isotope values for 5 terrestrial samples, 37 bulk chondrites and 24 lunar samples to an 
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unprecedented precision obtaining ε50Ti values for the Earth of (0.01 ± 0.01) and the Moon of  (-
0.03 ± 0.04)* at the 2σ, 95% confidence interval in ε-units (Zhang, 2012).  *The lunar values were 
corrected for cosmic-ray exposure based on modeling which indicated that cosmic-ray generated 
secondary neutrons could alter the titanium isotope compositions.  The mass dependent 
fractionation relationship for titanium can be expressed by:  
𝜀𝜀50𝑇𝑇𝐴𝐴 = �� 50𝑇𝑇𝐴𝐴 47𝑇𝑇𝐴𝐴� 𝑝𝑝𝐸𝐸𝐴𝐴𝑝𝑝𝑠𝑠𝑑𝑑
�
  50𝑇𝑇𝐴𝐴 47𝑇𝑇𝐴𝐴 �  𝐸𝐸𝐸𝐸𝑝𝑝𝐴𝐴𝑠𝑠𝑑𝑑   − 1 � × 10,000    [3.44] 
where ε50Ti is measured in epsilon ε-units of parts per ten-thousand. 
 
I. Discussion:  Based on the precision of the data Zhang concludes… 
“Thus the Earth and the moon have identical ε50Ti within ±0.04 ε-units….we find 
that the 50Ti/ 47Ti ratio of the moon is identical to that of the Earth to within 
about four parts per million….The isotopic homogeneity of this highly refractory 
element suggests that lunar material was derived from the proto-Earth mantle, 
an origin that could be explained by efficient impact ejection…” (Zhang, 2012).  
Regarding “efficient (proto-Earth mantle) impact ejection”, most impact models indicate that the 
Moon and Earth each retained very different impactor fractions (40-90% impactor in the Moon 
compared with 10-20% impactor in the Earth).  More efficient ejection of proto-Earth material 
would increase the fraction of proto-Earth material in the Moon and ideally give the Earth and 
the Moon close to the same fractional contribution of impactor material (γc = f) and thus the 
same final isotope values as well.  To illustrate the sensitivity of differing impactor mass fractions 
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Zhang uses the smallest possible mass fraction of impactor material in the Moon found in impact 
simulations (γ = 40%; Canup, 2012) and states that the impactor would have… 
 “had the same ε50Ti value as the Earth to within ±0.10 ε-units (±0.04/40%)”.  
Reviewing Zhang’s sample calculation in parenthesis it appears that Zhang was using an 
equivalent of the 3BMB-det equation [2.14] with the assumption that the ε50Ti values for the 
proto-Earth (Dp) and the Earth (DE) were essentially the same and therefore interchangeable.  
Assuming that Dp ~ “DE”, an assumed “Earth-like” proto-Earth value, and that DE equals zero for 
Earth ε50Ti values the 3BMB-det equation [2.14] reduces to: 
𝑓𝑓𝑑𝑑𝑑𝑑𝑇𝑇 = �𝐷𝐷𝑓𝑓 − 𝐷𝐷𝑝𝑝�𝑑𝑑𝑑𝑑𝑇𝑇
�𝐷𝐷𝑖𝑖 − 𝐷𝐷𝑝𝑝�
= �𝐷𝐷𝑚𝑚 − 𝐷𝐷𝑝𝑝�𝑑𝑑𝑑𝑑𝑇𝑇
�𝐷𝐷𝑖𝑖 − 𝐷𝐷𝑝𝑝�
= (𝐷𝐷𝑚𝑚 − "𝐷𝐷𝐸𝐸")𝑑𝑑𝑑𝑑𝑇𝑇(𝐷𝐷𝑖𝑖 − "𝐷𝐷𝐸𝐸") = ∆𝐷𝐷𝑑𝑑𝑑𝑑𝑇𝑇(𝐷𝐷𝑖𝑖 − 0)   [3.45] Solving [3.45] for Di yields the equation Zhang exhibits in parenthesis: 
𝐷𝐷𝑖𝑖 = ∆𝐷𝐷𝑑𝑑𝑑𝑑𝑇𝑇𝑓𝑓𝑑𝑑𝑑𝑑𝑇𝑇       [3.46][3𝐵𝐵𝑀𝑀𝐵𝐵 − 𝑍𝑍ℎ𝐸𝐸𝐸𝐸𝑎𝑎] 
Using Zhang’s measure of uncertainty (± 0.04ε) as the detectible difference (∆Ddet) between the 
Moon and the Earth’s samples the difference between the impactor and an “Earth-like” proto-
Earth can be estimated for an f of 0.4: 
𝐷𝐷𝑖𝑖 = ∆𝐷𝐷𝑑𝑑𝑑𝑑𝑇𝑇𝑓𝑓𝑑𝑑𝑑𝑑𝑇𝑇 =  ±0.04𝜀𝜀0.4 = ±0.10𝜀𝜀   [3.47] 
Yielding Zhang’s value for the maximum isotope difference between the impactor and the Earth.   
It is important to note that this value is only valid if the proto-Earth’s isotope values were 
unchanged by the impact event (Dp = DE), a condition which is only possible if the impactor had 
the same isotope values as the proto-Earth with which it collides (which by default will make the 
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Moon identical with the impactor since it is also an assemblage of impactor and proto-Earth) 
which is Zhang’s premise to start with (?). 
 Application:  The 4BMB equation [3.16] can be used to find a more comprehensive 
estimate for the impactor-Earth isotopic difference than that computed by Zhang. Using Zhang’s 
measured ε50Ti values for the Earth (DE = +0.01 ± 0.01 ε-units) and the Moon (Dm = -0.03 ± 0.04 
ε-units) the allowed (or detectable) difference between the impactor and the Earth can be found 
across a spectrum of plausible f and γ values. Solving the 4BMB equation [3.16] for the impactor 
value based on the existing Moon and Earth values: 
𝐷𝐷𝑚𝑚 = (1 − 𝑓𝑓)(1 + 𝛾𝛾)𝐷𝐷𝐸𝐸 + (𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾)𝐷𝐷𝑖𝑖     [3.48][4𝐵𝐵𝑀𝑀𝐵𝐵] 
𝐷𝐷𝑚𝑚 − (1 − 𝑓𝑓)(1 + 𝛾𝛾)𝐷𝐷𝐸𝐸 = (𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾)𝐷𝐷𝑖𝑖    [3.49] 
𝐷𝐷𝑚𝑚 − (1 − 𝑓𝑓)(1 + 𝛾𝛾)𝐷𝐷𝐸𝐸(𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾) = 𝐷𝐷𝑖𝑖   [3.50] 
𝐷𝐷𝑖𝑖 = 𝐷𝐷𝑚𝑚 − (1 − 𝑓𝑓)(1 + 𝛾𝛾)𝐷𝐷𝐸𝐸(𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾)     [3.51][4𝐵𝐵𝑀𝑀𝐵𝐵 − 𝐴𝐴𝐴𝐴𝑝𝑝] 
Defining the detectable difference between the impactor and the Earth’s isotope values as: 
𝛥𝛥𝐷𝐷det(𝑖𝑖−𝐸𝐸) ≡  (𝐷𝐷𝑖𝑖 − 𝐷𝐷𝐸𝐸)  [3.52] 
The substitution of [3.51] into [3.52] yields: 
𝛥𝛥𝐷𝐷det(𝑖𝑖−𝐸𝐸) =  𝐷𝐷𝑚𝑚 − (1 − 𝑓𝑓)(1 + 𝛾𝛾)𝐷𝐷𝐸𝐸(𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾) − 𝐷𝐷𝐸𝐸    [3.53] 
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The computed range of detectable 
differences between the impactor and the 
Earth’s ε50Ti values using equation [3.53] for a 
range of lunar fractions are listed in Table 3-2.  
Zhang’s value of ± 0.10ε can be found at f = 0.4 
and γ = 0 which is basically the 3BMB Admix 
value. This is an unrealistic value since a gamma 
of zero implies that none of the impactor merged 
with the proto-Earth.  Using a canonic γ of 0.15 
the undetectable ε50Ti value is -0.13 ε-units, some 30% larger than Zhang’s -0.10 ε-unit estimate.  
In general, for any given ( f ) as (γ) increases the allowed difference increases as well. Note the 
interestingly high allowed difference at f = 0.3 and γ = 0.4. This naturally occurs as γc approaches 
f  (f = γc = 0.3 when γ = 0.43) since the Earth and Moon will each have have identical impactor 
factions and the detectable difference between the samples will asymtotically aproach infinity 
for any isotope values.  As the impactor fraction f increases, the detectable difference between 
the impactor and the Earth decreases as does the dependance on γ.  For example a canonic 
impactor which has supplied 60% (f = 0.6) of the silicates in the Moon will have only a -0.07 ε-
unit difference between the impactor and the Earth’s values that would be detectable.  Given 
that Martian meteorites typically have ε50Ti values that differ from the Earth by about -0.8 ε-
units, fully tenfold larger than the detectable differences in the table, the 4BMB equation does 
not solve the isotope anomaly problem.   It does, however, address it in a more comprehensive 
fashion.  
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II. Discussion:  In an attempt to further illustrate the precision of the data and methods 
employed in the titanium study, and the implications that such data has on the giant impact 
model, Zhang posits a hypothetical Mars-like impactor (ε50TiMars = -0.8ε-units) providing a 40%  
mass fraction to the Moon and states: 
“Otherwise one would expect that the moon has the ε50Ti ~ - 0.3 
(that is, -0.8 ε-unit X 40%), which would have been readily resolved 
with our precision”.    
The computation shown in parenthesis is once again the 3BMB-Zhang equation [3.46] solved for 
Di using the same caveats of: (γ = 0, Dp = “DE” = 0)]: 
𝐷𝐷𝑖𝑖 = ∆𝐷𝐷𝑑𝑑𝑑𝑑𝑇𝑇𝑓𝑓𝑑𝑑𝑑𝑑𝑇𝑇      [3.54]  [3𝐵𝐵𝑀𝑀𝐵𝐵 − 𝑍𝑍ℎ𝐸𝐸𝐸𝐸𝑎𝑎] 
Where ΔDdet is defined as: 
∆𝐷𝐷𝑑𝑑𝑑𝑑𝑇𝑇 ≡ �𝐷𝐷𝑓𝑓 − 𝐷𝐷𝑝𝑝�𝑑𝑑𝑑𝑑𝑇𝑇 ≈ (𝐷𝐷𝑚𝑚 − "𝐷𝐷𝐸𝐸")𝑑𝑑𝑑𝑑𝑇𝑇 = (𝐷𝐷𝑚𝑚 − 0)𝑑𝑑𝑑𝑑𝑇𝑇 = 𝐷𝐷𝑚𝑚   [3.55] 
Substituting this into the 3BMB-Zhang approximation [3.54]: 
𝐷𝐷𝑖𝑖 = 𝐷𝐷𝑚𝑚𝑓𝑓𝑑𝑑𝑑𝑑𝑇𝑇      [3.56][3𝐵𝐵𝑀𝑀𝐵𝐵 − 𝑍𝑍ℎ𝐸𝐸𝐸𝐸𝑎𝑎 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓] 
and solving for the resulting lunar isotope value;  
𝐷𝐷𝑚𝑚 = (𝐷𝐷𝑖𝑖)𝑓𝑓𝑑𝑑𝑑𝑑𝑇𝑇 = (−0.8ԑ) 𝐴𝐴 0.40 =  −0.32ԑ   [3.57] 
Zhang’s calculation can be replicated. 
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Application:  A more comprehensive computation can be made by applying the 4BMB 
equation across a range of impact ratios (γ) of (0 to 0.5). Using terrestrial ε50Ti values that span 
Zhang’s terrestrial results (DE = +0.01 ± 0.01ε or 0.0ε to 0.02ε) the resulting lunar values (Dm) can 
be computed and are shown in Table 3-3.   Zhang’s value can be found for γ = 0.  The bottom row 
of values on the Table actually lie within the 95% level of uncertainty in Zhang’s data for the 
Moon (+0.01ε to -0.07ε-units) and would not have been detectable.  If we were to further apply 
a level of uncertainty to the Martian values of -0.77 ± 0.10; ε-units using Zhang’s reference 
dataset (Trinquier et al., 2009); then five of the results on the table lie within the degree of 
uncertainty in Zhang’s terrestrial data (Table 3-4).  Again, this does not eliminate the isotope 
homogeneity problem, but Zhang’s premise that a Mars-like impactor would have been easily 
detectable, may not be as readily resolved as a simple 3BMB estimate implies. 
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III. Discussion:  Zhang further posits that if the impactor had the same ε50Ti as Mars (≈ - 0.8ε) 
then… 
“the maximum fraction of the material contribution from Theia (the 
impactor) would be ~8.8%  [(-0.07) ε-units/(-0.8) ε-unit; where -0.70 is the 
lowest possible lunar value given the inferred value of -0.03 ± 0.04]”.  
Here again Zhang uses the 3BMB approximation [3.56] which assumes that Dp = “DE“= 0: 
𝐷𝐷𝑖𝑖 = 𝐷𝐷𝑚𝑚𝑓𝑓𝑑𝑑𝑑𝑑𝑇𝑇        [3.58]  
Solving [3.58] for fdet yields Zhang’s computation in parenthesis; 
𝑓𝑓𝑑𝑑𝑑𝑑𝑇𝑇 = 𝐷𝐷𝑚𝑚𝐷𝐷𝑖𝑖 =  (−0.07)(−0.8) = 0.088 = 8.8%   [3.59] [3𝐵𝐵𝑀𝑀𝐵𝐵 − 𝑍𝑍ℎ𝐸𝐸𝐸𝐸𝑎𝑎 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓] 
 
Application:   
Firstly, if we are looking for the absolute largest fraction then why not use the upper limit 
for the ε50Ti of the Earth (+0.02ε) in the 3BMB-det equation [2.14] as well? 
𝑓𝑓𝑑𝑑𝑑𝑑𝑇𝑇 ≡
(𝐷𝐷𝑓𝑓 − 𝐷𝐷𝑝𝑝)(𝐷𝐷𝑖𝑖 − 𝐷𝐷𝑝𝑝) = (𝐷𝐷𝑚𝑚 − "𝐷𝐷𝐸𝐸")(𝐷𝐷𝑖𝑖 − "𝐷𝐷𝐸𝐸") = (−0.07 − 0.02)(−0.8 − 0.02) = 0.110 = 11%   [3.60] 
 Secondly, a more complete method to find the largest fdet would be to use the 4BMB equation 
[3.16] solved for the impactor mass fraction ( f ) and incorporate all of the precise ε50Ti values 
that Zhang so carefully obtained from the titanium study: 
𝐷𝐷𝑚𝑚 = (1 − 𝑓𝑓)(1 + 𝛾𝛾)𝐷𝐷𝐸𝐸 + (𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾)𝐷𝐷𝑖𝑖     [3.61] [4𝐵𝐵𝑀𝑀𝐵𝐵] 
𝐷𝐷𝑚𝑚 = (1 + 𝛾𝛾)𝐷𝐷𝐸𝐸 − 𝑓𝑓(1 + 𝛾𝛾)𝐷𝐷𝐸𝐸 + 𝑓𝑓(1 + 𝛾𝛾)𝐷𝐷𝑖𝑖 − 𝛾𝛾𝐷𝐷𝑖𝑖      [3.62] 
𝐷𝐷𝑚𝑚 − (1 + 𝛾𝛾)𝐷𝐷𝐸𝐸 + 𝛾𝛾𝐷𝐷𝑖𝑖  = 𝑓𝑓(1 + 𝛾𝛾)𝐷𝐷𝐴𝐴 − 𝑓𝑓(1 + 𝛾𝛾)𝐷𝐷𝐸𝐸     [3.63] 
𝐷𝐷𝑚𝑚 − (1 + 𝛾𝛾)𝐷𝐷𝐸𝐸 + 𝛾𝛾𝐷𝐷𝑖𝑖  = 𝑓𝑓[(1 + 𝛾𝛾)(𝐷𝐷𝑖𝑖 − 𝐷𝐷𝐸𝐸)]    [3.64] 
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𝑓𝑓 = 𝐷𝐷𝑚𝑚 − 𝐷𝐷𝐸𝐸(1 + 𝛾𝛾) + 𝛾𝛾𝐷𝐷𝑖𝑖(1 + 𝛾𝛾)(𝐷𝐷𝑖𝑖 − 𝐷𝐷𝐸𝐸)       [3.65][4𝐵𝐵𝑀𝑀𝐵𝐵 − 𝑓𝑓] 
Note that if we assume that γ = 0 here, which implies that no impactor is admixed with the proto-
Earth (?), the 4BMB-f becomes the 3BMB-det equation [3.60] used earlier: 
𝑓𝑓 = (𝐷𝐷𝑚𝑚 − 𝐷𝐷𝐸𝐸)(𝐷𝐷𝑖𝑖 − 𝐷𝐷𝐸𝐸)    [3.66] 
Further if we set DE = 0 equation [3.66] further reduces to:  
𝑓𝑓 = 𝐷𝐷𝑚𝑚
𝐷𝐷𝑖𝑖
  [3.67] 
which is the 3BMB Zhang terr.ref. equation [3.59].  Zhang’s computations can be directly derived 
from the 4BMB-f equation [3.65] by using the same assumptions employed by Zhang. 
To compute the full range of detectable 
impactor mass fractions for the Moon all reasonable 
values for γ and DE should be explored using the 4BMB-
f equation [3.65].  The data listed in Table 3-5 was 
generated using the 4BMB-f equation to compute the 
maximum undetectable fraction of impactor silicates 
in the Moon assigning the impactor the same ε50Ti as 
Martian meteorites (-0.8ε) over a range of γ ratios (0 
to 0.5) and across the domain of ε50Ti terrestrial values 
measured by Zhang (0.0ε to 0.02ε). Note again that for γ = 0 and DE = 0 the table agrees with 
Zhang’s maximum fraction calculation of 8.8%.  The 11% fraction found previously using the 
upper ε50Ti limit for the Earth of 0.02ε and a γ of 0 is also shown.  However, all of the γ = 0 values 
are unrealistic since they omit the proto-Earth’s ε50Ti value and its effect on the final terrestrial 
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values and the Moon.  Using the 4BMB relationships a more comprehensive maximum 
undetectable fraction can be found.  Using a canonic γ of 0.15 yields a maximum fraction of 22%, 
more than double Zhang’s 8.8% estimate.  For larger mass ratios the detectable fraction increases 
dramatically and at γ > 0.4 the fractions are approaching the 40% fraction observed by Canup in 
2012, undermining the homogeneity argument. 
Figure 3-6 depicts a family of ε50Ti mixing lines for a Moon formed by a Mars-like impactor 
(ε50Ti-Mars = -0.7ε) calculated using the 4BMB-f equation [3.65] for a range of impactors with 
mass ratios of 0 to 0.5 (using DE = 0ε).   The horizontal dashed-dot line at -0.07ε represents the 
largest inferred ε50Ti value for the lunar samples based on Zhang’s 2σ standard deviation 
(ε50TiMoon = -0.03 ± 0.04 ε).  The intersection of each of the mixing lines with the inferred lunar 
line at Dm = -0.07ε agrees with the data depicted in the column of Table 3-5 for DE = 0.  The vertical 
dashed line in the figure denotes Zhang’s 8.8% for a γ = 0 event.  From the figure it is clear that 
the maximum undetectable fraction increases as the mass of the impactor increases.  The y-
intercept of each of the mixing lines represents the inferred proto-Earth isotope value (DP) for 
that impactor.  Note that for a γ = 0 impactor the inferred proto-Earth value (Dp = DE = 0) matches 
Zhang’s assumption.  If the lines were plotted using Zhang’s upper value for the Earth of 0.02ε 
instead of 0, then the y-intercept of the lines would shift upwards by 0.02ε which would slightly 
increase the maximum fraction.  
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These applications clearly illustrate the importance of using a 4BMB approach when 
computing planetary impact isotope outcomes.  Great efforts in precision are being made when 
measuring the isotope values, similar efforts need to be employed when using the mass balance 
relationships to understand and interpret their meaning. 
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Section 4  
 
4BMB: Non-homologous Iron Cores 
 
 
 In the development of the 4BMB relationships thus far a primary assumption has been 
that the iron core fractions and the silicate mantle fractions of the impactor and the proto-Earth 
were homologous.  The vast majority 
of impact simulations do just this; 
assume that the impactor and the 
proto-Earth each had roughly the 
same iron and silicate ratios as the 
modern day Earth;  roughly 30% iron 
and 70% silicates, (Canup, 2004; 
Cameron, 2001) defined here as the 
canonic iron and silicate ratio.  Since the true composition of the impactor and proto-Earth are 
unknown assuming a homologous canonic iron to silicate ratio represents a reasonable starting 
approximation.  This assumption allows the impact ratio, which is based on the gross mass of 
each body, to also represent the relative measure of the impactor and proto-Earth’s silicate 
reservoirs as well as their iron core reservoirs.  However, if the silicate fractions of the proto-
Earth and the impactor were not homologous then the mass balance relationships must be 
modified to account for the compositional (non-homologous) differences and the effect that 
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those differences will have on γ when it is used as a relative measure of the silicate or iron 
reservoirs in the mass balance equations. 
N-Body computer simulations which model late-stage planetesimal accretion via 
collisions which incorporate both efficient (merging) and inefficient (hit-and-run and mass loss) 
accretion events indicate that there would have been a wide variation in the core and silicate 
fractions of the planetesimals.  In a study where all of the initial objects were given a canonic 
silicate fraction of 0.7 and an iron core fraction of 0.3 the surviving small impactor sized 
planetesimals exhibited a wider silicate variation than did the surviving larger planetesimals, due 
mainly to stochastic averaging over multiple impacts (Dwyer, 2015).  Figure 4-2 by Dwyer shows 
a variation in the silicate fractions of 0.55 to 0.8 for canonic impactor sized planetesimals while 
proto-Earth sized planetesimals exhibit a silicate fraction similar to that of the Earth.  Given that 
Earth is composed primarily of proto-Earth material we shall assume that the proto-Earth had 
roughly the same canonic iron to silicate ratio (70% silicates and 30% iron) as the present day 
Earth. 
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To track differences in the impactor and proto-Earth’s iron core fractions and the effect 
that non-homologous core conditions will have on the silicate mass ratio as used in the mass 
balance relationships, the fractional change in the impactor’s silicate mass (from canonic) will be 
defined as (cSi-core).  Defining for the impactor; MiSi as the canonic silicate mass, dMiSi-core the 
change in the silicate mass from the canonic value, MiFe the canonic iron core fraction and Mi the 
impactor’s total mass, the effect on the silicate mass ratio can be examined. 
𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 ≡  𝐴𝐴𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖   [4.1] 
𝐴𝐴𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = 𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖  [4.2] 
 
Defining the initial silicate reservoir mass ratio (γSi) where; MpSi is the proto-Earth silicate mass; 
𝛾𝛾𝑆𝑆𝑖𝑖 ≡  𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖𝑀𝑀𝑝𝑝𝑆𝑆𝑖𝑖   [4.3] 
𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 = 𝛾𝛾𝑀𝑀𝑝𝑝𝑆𝑆𝑖𝑖   [4.4] 
 
and defining the core modified (non-canonic) impactor silicate mass as M’iSi-core , the effective 
core modified silicate mass ratio due to non-homologous iron core fractions (γSi-core) can be 
determined as follows: 
𝐴𝐴𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 = 𝑀𝑀′𝑖𝑖𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 − 𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖   [4.5]  
or 
𝑀𝑀′𝑖𝑖𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = 𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 +  𝐴𝐴𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑  [4.6]  
Combining: 
𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 ≡  𝐴𝐴𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 = 𝑀𝑀′𝑖𝑖𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑−𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖     [4.7] 
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Substitution of the core modified terms into the impact mass ratio equation yields: 
𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 ≡  𝑀𝑀′𝑖𝑖𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑𝑀𝑀𝑝𝑝𝑆𝑆𝑖𝑖 =  𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 +  𝐴𝐴𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 𝑀𝑀𝑝𝑝𝑆𝑆𝑖𝑖 = 𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 +  𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 𝑀𝑀𝑝𝑝𝑆𝑆𝑖𝑖   [4.8] 
𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 =  𝛾𝛾𝑀𝑀𝑝𝑝𝑆𝑆𝑖𝑖 + 𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑𝛾𝛾𝑀𝑀𝑝𝑝𝑆𝑆𝑖𝑖  𝑀𝑀𝑝𝑝𝑆𝑆𝑖𝑖     [4.9] 
𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 =  𝛾𝛾(1 + 𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑)      [4.10] [𝑝𝑝𝐴𝐴𝑠𝑠𝐴𝐴𝑐𝑐𝐸𝐸𝑝𝑝𝑑𝑑 𝐴𝐴𝐸𝐸𝑝𝑝𝑝𝑝 𝐸𝐸𝐸𝐸𝑝𝑝𝐴𝐴𝑝𝑝 − 𝑐𝑐𝑝𝑝𝐸𝐸𝑑𝑑] 
Not surprisingly, the effective silicate mass ratio will increase as the silicate fraction in the 
impactor increases. This change does not affect the overall physics of the impact since the bulk 
mass of the proto-Earth and impactor are unchanged, it will however directly affect the silicate 
mass balance equations as they have been developed thus far.  Substituting the core modified 
silicate mass ratio into the 3BMB equation for the merging proto-Earth and impactor yields; 
𝐷𝐷𝑝𝑝 = 𝐷𝐷𝐸𝐸(𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 + 1) − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑𝐷𝐷𝐴𝐴    [4.11]  [3𝐵𝐵𝑀𝑀𝐵𝐵 𝑐𝑐𝑝𝑝𝐸𝐸𝑑𝑑 𝑝𝑝𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸𝐸𝐸𝑝𝑝ℎ] 
or 
𝐷𝐷𝑝𝑝 = 𝐷𝐷𝐸𝐸(γ(1 +  𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑) + 1) − γ(1 +  𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑)𝐷𝐷𝐴𝐴  [4.12] 
Rather than repeat all of the derivations to yield a different 4BMB relationship, it can be seen 
that anywhere γ originally appeared γSi-core will now reside.  As such the 3BMB and 4BMB 
equations can be modified by a direct substitution of γSi-core or [γ(1 + cSi-core)] for γ.  The resulting 
four body mass balance equation [4BMB] in its core-modified form will account for different 
(non-homologous) impactor and proto-Earth iron and silicate bulk fractions: 
𝐷𝐷𝑚𝑚 = (1 − 𝑓𝑓)(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑)𝐷𝐷𝐸𝐸 + (𝑓𝑓(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑) − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑)𝐷𝐷𝑖𝑖     [4.13][4𝐵𝐵𝑀𝑀𝐵𝐵 𝑐𝑐𝑝𝑝𝐸𝐸𝑑𝑑] 
Moderate alterations to the impactor’s iron and silicate fractions should not directly 
affect the fraction of the impactor’s silicates which form the Moon (f) as determined by canonic 
impact simulations.  It can be seen from Figure 4-3 (from Canup, 2004) that the bulk of the 
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impactor mass which forms the circum-terrestrial disk (and ultimately the Moon) comes from the 
outer mantle (silicate) region of the impactor (yellow-green particles). Very little of the core is 
ejected, a necessary fact given that the Moon has a relatively small iron core fraction (4% in 
comparison with the Earth’s 30% fraction).  Simulations however do indicate that impactors with 
larger iron cores will yield more iron in orbit since a greater fraction of the iron core can shear 
past the target. In fact orbiting iron was the most variable quantity observed across simulations 
which involved different iron core fractions (Canup et al., 2001, 2004).  As such, some discretion 
must be exercised when dealing with large impactor iron core fractions. 
Discussion: 
To better understand the effect on the mass balance relationships when the proto-Earth 
and the impactor have different silicate mass fractions the 4BMB-core equations can be applied 
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to a simplified case where the isotope schematics involve Δ or ε values which use the Earth as a 
standard reference. Setting DE = 0 the 3BMB-core proto-Earth equation reduces to: 
𝐷𝐷𝑝𝑝 = −γ(1 + 𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑)D𝑖𝑖    [4.14 ][3𝐵𝐵𝑀𝑀𝐵𝐵 𝑐𝑐𝑝𝑝𝐸𝐸𝑑𝑑 𝑝𝑝𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸𝐸𝐸𝑝𝑝ℎ 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓] 
As the silicate fraction increases the proto-Earth’s isotope values (isotope offset) increase in 
opposition to the impactors values in comparison with the Earth.  The resulting 4BMB-core 
equation will be: 
𝐷𝐷𝑚𝑚 = (𝑓𝑓(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑) − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑)D𝑖𝑖    [4.15] [4𝐵𝐵𝑀𝑀𝐵𝐵 𝑐𝑐𝑝𝑝𝐸𝐸𝑑𝑑 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓] 
Re-writing the 4BMB core terr.ref equation in linear form where the y-variable is Dm, (the lunar 
isotope value), and the x-variable is f (the lunar fraction of impactor silicates) the effect that 
different silicate fractions will have on the slope and the y-intercept of the Dm function can be 
determined for any given hypothetical impactor (Di). 
𝐷𝐷𝑚𝑚 = [D𝑖𝑖(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑)]𝑓𝑓 − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑D𝑖𝑖    [4.16][4𝐵𝐵𝑀𝑀𝐵𝐵 𝑐𝑐𝑝𝑝𝐸𝐸𝑑𝑑 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓 𝑠𝑠𝐴𝐴𝐸𝐸𝑑𝑑𝐸𝐸𝐸𝐸] 
Given that 
𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = γ(1 +  𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑)  [4.17] 
it can be seen that as cSi-core increases γSi-core will increase and the slope [Di(1+ γSi-core)] of the Dm 
mixing line will correspondingly increase while the y-intercept [-γSi-coreDi] becomes more negative 
as depicted in Figure 4-4.  Changing the impactor’s silicate fraction effectively shifts the mixing 
line down and to the right in the case of positive cSi-core values and up and to the left for negative 
cSi-core values. The y-intercept in the figures represents the initial proto-Earth isotope 
concentration, Dp.  In the figure a cSi-core of 0% represents the canonic (homologous 30% iron and 
70% silicates) values while a cSi-core of ±20% increases/decreases the impactor silicates by ±20% 
resulting in bulk iron core fractions of 16% and 44% respectively.  In the range of fractions that 
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would have been detectable using Wiechert and Halliday’s methods changing the core size has a 
significant effect of the detectable fraction.  Comparing Wiechert and Halliday’s 2-sigma 
detectable fraction (Dm = 0.016‰ horizontal dashed line) for a γ = 0.1 impactor the detectable 
fractions range between (12.1% and 15.3%) while the γ = 0.2 impactors fractions range from 
(18.2% to 23.5%) for a cSi-core of -0.2 and +0.2 respectively.  
  
The conditions for Dm to equal zero occur when the Moon’s isotope values are identical 
with the Earth’s (Dm = DE = 0).  This happens when the Moon receives the same fraction (f0) of 
 52 
 
impactor material as does the proto-Earth, represented by the core modified silicate impact mass 
fraction (γc-Si-core). 
𝑓𝑓0 = 𝛾𝛾𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑) = � 𝛾𝛾(1 + 𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑)1 + 𝛾𝛾(1 + 𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑)�    [4.19]  
As the mass of the iron core decreases, γc-Si-core increases and the Dm = 0 lunar fraction (f0) shifts 
to the right (Figure 4-4). 
In terms of the detectible limit ΔD, based on uncertainty in a data set, the maximum 
undetectable fraction will be: 
𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 = ∆𝐷𝐷 + 𝛾𝛾(1 + 𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑)D𝑖𝑖D𝑖𝑖(1 + 𝛾𝛾(1 + 𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑)) = ∆𝐷𝐷 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑D𝑖𝑖D𝑖𝑖(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑)   [4.20] 
 
Relation of cSi-core to the iron core fraction: 
The change in the impactor silicate fraction can alternatively be written in terms of the 
fractional change in the iron core mass fraction. Taking the derivative of MiTot (the mass of the 
impactor which is a constant) indicates that for a given impactor, as the mass of the core 
increases or decreases (dMiFe-core) the mass of the silicates decreases or increases (dMiSi-core) by a 
comparable amount: M𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑 +  𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖     [4.21] 
𝐴𝐴M𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇 = 0 =  𝐴𝐴𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 +  𝐴𝐴𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑  [4.22] 
𝐴𝐴𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = − 𝐴𝐴𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑   [4.23] 
 
Defining the iron core fractional change (cFe-core) as: 
𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑  ≡  𝐴𝐴𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑    [4.24] 
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or 
𝐴𝐴𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = 𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑   [4.25] 
Combining the above the relationship between the silicate fractional change and the iron core 
fractional change can be determined as follows: 
𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 ≡
𝐴𝐴𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑
𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖
= −𝐴𝐴𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑
𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖
= −𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑
𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖
   [4.26] 
 
𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = −𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 � 𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑 𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 �     [4.27] [𝑆𝑆𝐴𝐴 − 𝐹𝐹𝑑𝑑 𝑓𝑓𝐸𝐸𝐸𝐸𝑐𝑐𝑝𝑝𝐴𝐴𝑝𝑝𝐸𝐸𝐸𝐸𝑠𝑠 𝑐𝑐ℎ𝐸𝐸𝐸𝐸𝑎𝑎𝑑𝑑 𝐸𝐸𝑑𝑑𝑠𝑠𝐸𝐸𝑝𝑝𝐴𝐴𝑝𝑝𝐸𝐸𝑝𝑝ℎ𝐴𝐴𝑝𝑝 ] 
Or conversely: 
𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = −𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 � 𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑 �     [4.28]  [𝐹𝐹𝑑𝑑 − 𝑆𝑆𝐴𝐴 𝑓𝑓𝐸𝐸𝐸𝐸𝑐𝑐𝑝𝑝𝐴𝐴𝑝𝑝𝐸𝐸𝐸𝐸𝑠𝑠 𝑐𝑐ℎ𝐸𝐸𝐸𝐸𝑎𝑎𝑑𝑑 𝐸𝐸𝑑𝑑𝑠𝑠𝐸𝐸𝑝𝑝𝐴𝐴𝑝𝑝𝐸𝐸𝑝𝑝ℎ𝐴𝐴𝑝𝑝 ] 
 
The change in the iron core mass can be determined in a similar manor: 
𝐴𝐴𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = 𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑   [4.29]  
𝐴𝐴𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = �−𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 � 𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑 ��𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑   [4.30]  
𝐴𝐴𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = −𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖     [4.31] 
 
To find a direct relationship between cSi-core and cFe-core the original mass fraction of 
impactor silicates (FSi) or the original mass fraction of impactor iron (FFe) must be known.  For this 
discussion the original impactor fractions are assumed to be the same as the proto-Earth 
fractions (commonly the canonic values: 70% Si: 30% Fe).  The original impactor fractions prior 
to any core fractional changes can be defined as: 
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𝐹𝐹𝑖𝑖𝑑𝑑 ≡   𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑 𝑀𝑀𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇 = (1 − 𝐹𝐹𝑆𝑆𝑖𝑖)  [4.32] 
𝐹𝐹𝑆𝑆𝑖𝑖 ≡   𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 𝑀𝑀𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇 = (1 − 𝐹𝐹𝑖𝑖𝑑𝑑)  [4.33] 
Or:  𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑 = 𝐹𝐹𝑖𝑖𝑑𝑑  𝑀𝑀𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇    [4.34]  𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 = 𝐹𝐹𝑆𝑆𝑖𝑖  𝑀𝑀𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇  [4.35] 
The mass ratio of impactor iron and silicates can thus be stated as: 
 �𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑
𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖
� = 𝐹𝐹𝑖𝑖𝑑𝑑 𝑀𝑀𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇 
𝐹𝐹𝑆𝑆𝑖𝑖  𝑀𝑀𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐹𝐹𝑖𝑖𝑑𝑑𝐹𝐹𝑆𝑆𝑖𝑖 = � 𝐹𝐹𝑖𝑖𝑑𝑑1 − 𝐹𝐹𝑖𝑖𝑑𝑑� = �1 − 𝐹𝐹𝑆𝑆𝑖𝑖𝐹𝐹𝑆𝑆𝑖𝑖 �   [4.36] 
Substitution of these relationships into the Si-Fe fractional change relationship equation yields: 
𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = −𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 �𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑 𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 � = −𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 �𝐹𝐹𝑖𝑖𝑑𝑑 𝐹𝐹𝑆𝑆𝑖𝑖 �   [4.37] 
𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = −𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 � 𝐹𝐹𝑖𝑖𝑑𝑑1 − 𝐹𝐹𝑖𝑖𝑑𝑑� = −𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 �1 − 𝐹𝐹𝑆𝑆𝑖𝑖𝐹𝐹𝑆𝑆𝑖𝑖 �    [4.38] [𝐹𝐹𝑑𝑑 − 𝑆𝑆𝐴𝐴 𝑓𝑓𝐸𝐸𝐸𝐸𝑐𝑐𝑝𝑝𝐴𝐴𝑝𝑝𝐸𝐸𝐸𝐸𝑠𝑠 𝑐𝑐ℎ𝐸𝐸𝐸𝐸𝑎𝑎𝑑𝑑 𝑐𝑐𝑝𝑝𝐸𝐸𝑐𝑐𝑑𝑑𝐸𝐸𝑝𝑝𝑑𝑑𝐸𝐸] 
The relationship for the iron to the silicate fractional change can also be defined: 
𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = −𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 � 𝐹𝐹𝑆𝑆𝑖𝑖1 − 𝐹𝐹𝑆𝑆𝑖𝑖� = −𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 �1 − 𝐹𝐹𝑖𝑖𝑑𝑑𝐹𝐹𝑖𝑖𝑑𝑑 �   [4.39]  [𝑆𝑆𝐴𝐴 − 𝐹𝐹𝑑𝑑 𝑓𝑓𝐸𝐸𝐸𝐸𝑐𝑐𝑝𝑝𝐴𝐴𝑝𝑝𝐸𝐸𝐸𝐸𝑠𝑠 𝑐𝑐ℎ𝐸𝐸𝐸𝐸𝑎𝑎𝑑𝑑 𝑐𝑐𝑝𝑝𝐸𝐸𝑐𝑐𝑑𝑑𝐸𝐸𝑝𝑝𝑑𝑑𝐸𝐸] 
Given the impactors original iron or silicate mass fraction the fractional change in the core ratio 
can be converted into an equivalent silicate fractional change and used in the effective silicate 
ratio equation, which can then be used in 4BMB-core equations.  For example using the canonic 
values the iron to silicate fractional conversion will be: 
𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = −𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 � 𝐹𝐹𝑖𝑖𝑑𝑑1 − 𝐹𝐹𝑖𝑖𝑑𝑑� = −𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 � . 31 − .3� = −�37� 𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑  [4.40] 
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 The overall changes to the initial bulk fraction of impactor silicates ΔFSi-core or initial bulk 
iron ΔFFe-core can be found using the following: 
∆𝐹𝐹𝑆𝑆𝑖𝑖−core ≡  𝐹𝐹′𝑆𝑆𝑖𝑖−core − 𝐹𝐹𝑆𝑆𝑖𝑖 = 𝑀𝑀′𝑖𝑖𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 − 𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 𝑀𝑀𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐴𝐴𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖−core𝑀𝑀𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑐𝑐𝑆𝑆𝑖𝑖−core𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖𝑀𝑀𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑐𝑐𝑆𝑆𝑖𝑖−core𝐹𝐹𝑆𝑆𝑖𝑖   [4.41] 
 
∆𝐹𝐹𝑖𝑖𝑑𝑑−core ≡  𝐹𝐹′𝑆𝑆𝑖𝑖−core − 𝐹𝐹𝑖𝑖𝑑𝑑 = 𝑀𝑀′𝑖𝑖𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 − 𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑 𝑀𝑀𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐴𝐴𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑−core𝑀𝑀𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑐𝑐𝑖𝑖𝑑𝑑−core 𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑𝑀𝑀𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇= 𝑐𝑐𝑖𝑖𝑑𝑑−core𝐹𝐹𝑖𝑖𝑑𝑑  [4.42] 
The final bulk fractions of the impactor silicates (F’Si-core) or iron (F’Fe-core) can be found using: 
𝐹𝐹′𝑆𝑆𝑖𝑖−core = (1 + 𝑐𝑐𝑆𝑆𝑖𝑖−core)𝐹𝐹𝑆𝑆𝑖𝑖  [4.43] 
𝐹𝐹′𝑆𝑆𝑖𝑖−core = (1 + 𝑐𝑐𝑖𝑖𝑑𝑑−core)𝐹𝐹𝑖𝑖𝑑𝑑  [4.44] 
Given an initial core fraction (FFe) and a final iron core fraction (F’Fe-core) the resulting values for 
cFe-core and cSi-core will be: 
𝐹𝐹′𝑖𝑖𝑑𝑑−core
𝐹𝐹𝑖𝑖𝑑𝑑
= (1 + 𝑐𝑐𝑖𝑖𝑑𝑑−core)  [4.45] 
𝑐𝑐𝑖𝑖𝑑𝑑−core = 𝐹𝐹′𝑖𝑖𝑑𝑑−core𝐹𝐹𝑖𝑖𝑑𝑑 − 1    [4.46] [𝐴𝐴𝐸𝐸𝑝𝑝𝐸𝐸 𝑐𝑐𝑝𝑝𝐸𝐸𝑑𝑑 𝑐𝑐𝑖𝑖𝑑𝑑 𝑐𝑐𝑝𝑝𝐸𝐸𝑐𝑐𝑑𝑑𝐸𝐸𝑝𝑝𝑑𝑑𝐸𝐸] 
Substituting this value into the equation for cSi-core: 
𝑐𝑐𝑆𝑆𝑖𝑖−core = −𝑐𝑐𝑖𝑖𝑑𝑑−core � 𝐹𝐹𝑖𝑖𝑑𝑑1 − 𝐹𝐹𝑖𝑖𝑑𝑑�   [4.47] 
yields: 
𝑐𝑐𝑆𝑆𝑖𝑖−core = −�𝐹𝐹′𝑖𝑖𝑑𝑑−core𝐹𝐹𝑖𝑖𝑑𝑑 − 1� � 𝐹𝐹𝑖𝑖𝑑𝑑1 − 𝐹𝐹𝑖𝑖𝑑𝑑�   [4.48] 
𝑐𝑐𝑆𝑆𝑖𝑖−core = −�𝐹𝐹′𝑖𝑖𝑑𝑑−core − 𝐹𝐹𝑖𝑖𝑑𝑑𝐹𝐹𝑖𝑖𝑑𝑑 � � 𝐹𝐹𝑖𝑖𝑑𝑑1 − 𝐹𝐹𝑖𝑖𝑑𝑑�   [4.49] 
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𝑐𝑐𝑆𝑆𝑖𝑖−core = �𝐹𝐹𝑖𝑖𝑑𝑑 − 𝐹𝐹′𝑖𝑖𝑑𝑑−core1 − 𝐹𝐹𝑖𝑖𝑑𝑑 �      [4.50]  [𝐴𝐴𝐸𝐸𝑝𝑝𝐸𝐸 𝑐𝑐𝑝𝑝𝐸𝐸𝑑𝑑 𝑝𝑝𝑝𝑝 𝑐𝑐𝑆𝑆𝑖𝑖  𝑐𝑐𝑝𝑝𝐸𝐸𝑐𝑐𝑑𝑑𝐸𝐸𝑝𝑝𝑑𝑑𝐸𝐸] 
If the isotopes of concern are constrained to the iron reservoirs (siderophile) the core 
modified iron reservoir terms, the proto-Earth iron reservoir mass (MpFe) and the modified 
impactor iron core mass (M’iFe-core,) can be substituted into the iron impact ratio relationship (γFe) 
to determine the resulting core modified iron mass ratio (γFe-core) as follows: 
𝛾𝛾𝑖𝑖𝑑𝑑 ≡  𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑𝑀𝑀𝑝𝑝𝑖𝑖𝑑𝑑   [4.51] 
𝛾𝛾𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 ≡  𝑀𝑀𝑖𝑖′𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑𝑀𝑀𝑝𝑝𝑖𝑖𝑑𝑑 =  𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑 +  𝐴𝐴𝑀𝑀𝑖𝑖−𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 𝑀𝑀𝑝𝑝𝑖𝑖𝑑𝑑 = 𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑 +  𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑 𝑀𝑀𝑝𝑝𝑖𝑖𝑑𝑑   [4.52] 
𝛾𝛾𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 =  𝛾𝛾𝑀𝑀𝑝𝑝−𝑖𝑖𝑑𝑑 +  𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑𝛾𝛾𝑀𝑀𝑝𝑝−𝑖𝑖𝑑𝑑 𝑀𝑀𝑝𝑝𝑖𝑖𝑑𝑑   [4.53] 
𝛾𝛾𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 =  𝛾𝛾(1 + 𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑)    [4.54]   [𝐴𝐴𝐸𝐸𝑝𝑝𝐸𝐸 𝐴𝐴𝐸𝐸𝑝𝑝𝑝𝑝 𝐸𝐸𝐸𝐸𝑝𝑝𝐴𝐴𝑝𝑝 − 𝑐𝑐𝑝𝑝𝐸𝐸𝑑𝑑] 
The iron mass ratio-core value can be directly substituted for γ in any of the mass balance 
relationships if the isotopes of concern reside in the iron reservoirs. 
 
Discussion: 
Re-visiting Wiechert and Halliday’s Δ17O study which uses the Earth as a standard 
reference the proto-Earth and the resulting Moon isotopic values can be modeled using:  
𝐷𝐷𝑝𝑝 = −𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑𝐷𝐷𝑖𝑖    [4.55]  [4𝐵𝐵𝑀𝑀𝐵𝐵 𝑐𝑐𝑝𝑝𝐸𝐸𝑑𝑑 𝑝𝑝𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸𝐸𝐸𝑝𝑝ℎ 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓] 
and 
𝐷𝐷𝑚𝑚 = [𝐷𝐷𝑖𝑖(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑)]𝑓𝑓 − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑𝐷𝐷𝑖𝑖    [4.56][4𝐵𝐵𝑀𝑀𝐵𝐵 𝑐𝑐𝑝𝑝𝐸𝐸𝑑𝑑 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓 𝑠𝑠𝐴𝐴𝐸𝐸𝑑𝑑𝐸𝐸𝐸𝐸] 
Where γSi-core equals:  
𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = γ(1 +  𝑐𝑐𝑆𝑆𝑖𝑖−core)  [4.57] 
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The 4BMB core terr.ref linear equation [4.56] was used to generate Figures 5-4a and 5-4b 
using Wiechert and Halliday’s 2001 dataset (see the appendix for similar plots for H-Chondrite 
and HED Vesta like impactors).  The central mixing line in the figures represents an impactor 
having the canonic (unaltered) iron and silicate ratio as presented in the 4BMB discussion. The 
two flanking mixing lines represent the Moon’s isotopic value given the fraction of the Moon 
which is made from impactor silicates for a hypothetical Mars-like impactor if the impactor iron 
core fraction were 40% or 20% when the proto-Earth core is a canonic 30%.  Increasing the 
impactor core in relation to the proto-Earth core decrease the relative amount of impactor 
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silicates which decreases the effective silicate impact ratio, shifting the mixing line to the left. 
From a purely silicate perspective it is a smaller impactor.  Decreasing the core effectively 
increases the silicate mass ratio, shifting the mixing line to the right.  As the initial size of the 
impactor (γ) increases the core changes become more significant, compare Figure 4-5a with that 
of an impactor having twice the mass depicted in Figure 4-5b.   
Table 4-1 compares the detectable fraction of impactor material in the Moon given 
Wiechert and Halliday’s level of uncertainty (0.016‰) for 
different hypothetical impactors (Mars, H-Chondrites and 
Vesta) and different overall impact ratios (γ = 0, 0.1 and 0.2) 
when the impactor has a non-homologous core fraction of 
20% as compared to canonic 30% shown in the top half of 
the table.  The γ = 0 represents the inadequate 3BMB 
solution for detectable fraction of material admixed into 
the Moon after formation and is shown here for reference. 
In the case of a Mars-like impactor the detectable fraction 
increases by 8% for γ = 0.1 to 14.7% and by 9% for a γ = 0.2 
to 22.7% for impactors having a 20% iron core fraction compared with canonic cored impactors.  
Given that the actual core fractions of the impactor and of the proto-Earth are unknown, the 
fraction of impactor that will be detectable based on lunar isotope data cannot be stated with 
the degree of certainty which is often used in the literature. 
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Plotting the three hypothetical impactors posited by Wiechert and Halliday on the same 
plot for an impactor having a non-homologous iron core fraction of 20% it is clear that impactor 
core differences can have a distinct effect on the mixing lines as well as the detectable fraction 
in the range of uncertainty determined by Wiechert and Halliday (0.016‰ and 0.005‰). 
Compare Figure 4-6 with Figure 1-2 from Wiechert and Halliday’s original work. It can be seen 
that the detectable fraction for a Mars-like impactor in the Moon is now approaching 23% (as 
compared to 5% for a γ of zero). 
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The overall effect of non-homologous iron cores and impactor size is illustrated in Figure 
4-7 which depicts different lunar isotope mixing lines for the same scenario of impactors as used 
to develop Figure 4-5 instead plotted over the full range of possible lunar fractions of (0% to 
100%).  From the figure it is clear that varying the impactor’s non-homologous iron core fraction 
from 20% to 40% only slightly changes the resulting isotope values for the Moon.  The sensitivity 
to iron core fractions is greater for low lunar fractions and may be important when determining 
the detectable fraction based on isotope data.  However, at high lunar fractions, particularly near 
the values indicated by SPH modeling (vertical dashed lines), the size of the impactor (γ) and the 
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non-homologous fraction of iron and silicates plays a less significant role. For f = 0.7 the 
difference in the lunar isotope values between a 20% impactor core and a 40% impactor core 
varies by less than 2% for a γ = 0.1 impactor and by less than 4% for a γ = 0.2 impactor.  At very 
high lunar fractions all of the mixing lines for Dm converge on the ‘anchor point’ represented by 
the impactors initial isotope value (Di) since such a Moon will consist entirely of impactor 
material.  
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The sensitivity of the lunar isotope values to non-homologous core difference increases 
as the impactor increases in mass.  Figure 4-8 depicts the range of lunar isotope values for a large 
γ = 0.5 hypothetical Mars-like impactor having non-homologous core fractions of 20%, 30%, 40% 
and an incredible 50%.  The range in the Dm values for a lunar fraction of 0.7 has increased to 
12% (0.17‰ to 0.19‰).  At lunar fractions near the anchor point the core-effect is less significant.  
 Figure 4-9 shows the resulting lunar isotope values for the limiting case of a γ = 1 impactor 
(same mass as the proto-Earth modeled by Canup, 2012), where the Dm values now span a range 
of 36% (0.11 to 0.155) for a lunar fraction of 0.7. 
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 With the development of a 4BMB relationship which can incorporate non-homologous 
iron core fractions it is apparent that changing the mass of the impactor’s core can have a 
significant effect on impact isotope analytics, particularly for low lunar fractions.  Given an 
acceptable range of iron core fractions for impactor sized planetesimals of (20% to 45% Fe) 
indicated by SPH solar system accretion simulations the degree of certainty to which the impactor 
can be identified is constrained by the core fraction as well as by the size of the impactor.  Using 
Wiechert and Halliday’s dataset an impactor having 20% the mass of the proto-Earth and a 20% 
iron core could have a 2σ detectable impactor fraction of 23% as compared to the 5% stated by 
Wiechert and Halliday.   Based on the 4BMB core relationships the size of the impactor and the 
size of the iron core needs to be incorporated into any impact isotope analytics which attempt 
to identify the impactor’s isotope values or to predict the fraction of impactor that would be 
undetectable in lunar and terrestrial samples. 
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Section 5 
4 Body Mass Balance Relationship for Icy Impactors 
Given that the actual composition of the impactor and the proto-Earth are unknown, 
lunar scientists must make reasonable assumptions for the silicate and iron fractions for these 
objects when performing SPH computer models. The majority of the simulations use the Earth’s 
current silicate and iron conditions as a reasonable proxy for both the impactor and the proto-
Earth (the canonic scenario).  It has recently been suggested that the impactor may have 
contained a substantial fraction of water-ice (Wolbeck, 2010).  If the impactor did indeed contain 
ice then both the reservoir mass ratio (γ) as well as the lunar impactor fraction (f) as used in the 
mass balance relationships will 
be affected by a decrease in the 
silicate fraction. Section 4 
described a method to account 
for different impactor and 
proto-Earth silicate and iron 
fractions by determining how a 
fractional change in the silicate 
mass (cSi-core) will affect the mass balance equations.  A similar method will be employed here to 
address changes to the impactor silicate fraction if some of the impactor silicates are replaced 
with ice (Figure 5-1). 
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Given that the proto-Earth represents some 85% of the present day Earth we will assume 
that the proto-Earth had a similar construction to that of the modern day Earth and that ice was 
constrained entirely to the impactor.  Defining cice to be the fractional change in impactor silicate 
mass after some mass of silicates has been replaced with an equivalent mass of ice where Mice is 
the mass of impactor ice and MiSi is the original impactor silicate mass:  
𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑 ≡  𝑀𝑀𝑖𝑖𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖    [5.1] 
𝑀𝑀𝑖𝑖𝑐𝑐𝑑𝑑 = 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑 𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 [5.2] 
The ice modified impactor silicate mass (M’iSi-ice) will be: 
𝑀𝑀′𝑖𝑖𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑 = 𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 −  𝑀𝑀𝑖𝑖𝑐𝑐𝑑𝑑 = 𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 [5.3] 
𝑀𝑀′𝑖𝑖𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑 = 𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)   [5.4][𝐴𝐴𝑐𝑐𝑑𝑑 𝐴𝐴𝑝𝑝𝐴𝐴𝐴𝐴𝑓𝑓𝐴𝐴𝑑𝑑𝐴𝐴 𝑝𝑝𝐴𝐴𝑠𝑠𝐴𝐴𝑐𝑐𝐸𝐸𝑝𝑝𝑑𝑑 𝐴𝐴𝐸𝐸𝑝𝑝𝑝𝑝]  
The effective silicate mass ratio modified for ice (γSi-ice) can be defined as: 
𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑 ≡  𝑀𝑀′𝑖𝑖𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑𝑀𝑀𝑝𝑝𝑆𝑆𝑖𝑖    [5.5] 
where MpSi is the proto-Earth silicate mass. Combining equation [5.4] with [5.5] yields a 
relationship between the impact mass ratio (based on the bulk masses as used in the impact 
simulations) and the silicate mass ratio modified for an icy-impactor. 
𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑 =  𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)𝑀𝑀𝑝𝑝𝑆𝑆𝑖𝑖   [5.6] 
𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑 = 𝛾𝛾(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)  [5.7] [𝑝𝑝𝐴𝐴𝑠𝑠𝐴𝐴𝑐𝑐𝐸𝐸𝑝𝑝𝑑𝑑 𝐴𝐴𝐸𝐸𝑝𝑝𝑝𝑝 𝐸𝐸𝐸𝐸𝑝𝑝𝐴𝐴𝑝𝑝 − 𝐴𝐴𝑐𝑐𝑑𝑑] 
As discussed in section 4 the modified silicate mass ratio can be substituted directly into any of 
the 4BMB relationships to account for ice replacing silicates on the impactor. 
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Ice, having a lower density than the silicates or the iron, will typically reside as a layer on 
the surface of the impactor.  Some of this surficial ice will be kinetically ejected into orbit during 
the impact becoming part of the disk ejecta from which the Moon forms (review Figure 4-2).  
Impact simulations indicate that temperatures in the impact zone will be higher than 4,000K 
(Figure 5-2 by Canup, 2004), which is hot enough to vaporize rock (Ahrens, 1972). Given the high 
temperatures developed during the collision it is highly likely that the most of the ice layer will 
be volatized to a superheated vapor state and lifted into orbit by vaporization pressure gradients. 
This superheated water vapor can then be removed from the Earth-Moon system by solar 
radiation pressure and solar wind (outgassing) and may not be present in the material that 
ultimately forms the Moon.  Given the rarity of water in the lunar samples this is a necessary 
assumption.  Ice which is kinetically ejected to the disk during the collision will replace ejected 
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silicate material observed in non-ice SPH simulation models and thus reduce the theoretical 
silicate disk mass.  As a result the lunar impactor fraction (f) must also be modified to account for 
the decrease in impactor silicates available to form the Moon.  The amount of ejected impactor 
silicates which are replaced with ice will be by simple approximation in the same ratio as the bulk 
fraction of impactor silicates which were replaced with ice (cice). 
Assuming that the ejected impactor silicate mass is replaced with ice by the same fraction 
that the bulk impactor silicates were replaced with ice, the lunar impactor fraction modified for 
ice (fice) can be determined.  For the impactor; miSi is the impactors original ejected silicate only 
mass, mice is the impactor’s ejected ice mass and m’iSi is the impactors modified/reduced ejected 
silicate mass which forms the disk or Moon.  Recalling that the lunar impactor fraction which 
defines the fraction of the disk or Moon which is formed from impactor silicates is: 
𝑓𝑓 ≡   𝐴𝐴𝑖𝑖
𝐴𝐴𝑝𝑝 + 𝐴𝐴𝑖𝑖 = (1 − 𝑓𝑓𝑝𝑝)  [5.8] 
The lunar impactor fraction modified for ice replacing silicates (fice) can be similarly defined: 
𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑 ≡   𝐴𝐴′𝑖𝑖𝑆𝑆𝑖𝑖𝐴𝐴𝑝𝑝𝑆𝑆𝑖𝑖 + 𝐴𝐴′𝑖𝑖𝑆𝑆𝑖𝑖 = (1 − 𝑓𝑓𝑝𝑝−𝑖𝑖𝑐𝑐𝑑𝑑)  [5.9] 
Based on the approximation that the ejected impactor mass has the same ice fraction as the 
impactor the modified silicate mass equation can be written in ejected mass form; 
𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑 ≡  𝐴𝐴𝑖𝑖𝑐𝑐𝑑𝑑𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖   [5.10] 
𝐴𝐴𝑖𝑖𝑐𝑐𝑑𝑑 = 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑 𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖  [5.11] 
The resulting silicate mass (m’iSi) will therefore be:  
𝐴𝐴′𝑖𝑖𝑆𝑆𝑖𝑖 ≡ 𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖 − 𝐴𝐴𝑖𝑖𝑐𝑐𝑑𝑑  [5.12] 
𝐴𝐴′𝑖𝑖𝑆𝑆𝑖𝑖 = 𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑 𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖  [5.13] 
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𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖′ =  𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)   [5.14][𝐴𝐴𝑝𝑝𝐴𝐴𝐴𝐴𝑓𝑓𝐴𝐴𝑑𝑑𝐴𝐴 𝑑𝑑𝑒𝑒𝑑𝑑𝑐𝑐𝑝𝑝𝑑𝑑𝐴𝐴 𝑝𝑝𝐴𝐴𝑠𝑠𝐴𝐴𝑐𝑐𝐸𝐸𝑝𝑝𝑑𝑑 𝐴𝐴𝐸𝐸𝑝𝑝𝑝𝑝] 
 
Substitution into fice [5.9] yields: 
𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑 =   𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)𝐴𝐴𝑝𝑝𝑆𝑆𝑖𝑖 +  𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)  [5.15] 
In order to eliminate the proto-Earth silicate contribution (mpSi) the original lunar impactor 
fraction can be solved for mp-Si as follows. 
𝑓𝑓 ≡   𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖
𝐴𝐴𝑝𝑝𝑆𝑆𝑖𝑖 + 𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖   [5.16] 
𝐴𝐴𝑝𝑝𝑆𝑆𝑖𝑖 + 𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖 =   𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖𝑓𝑓   [5.17] 
𝐴𝐴𝑝𝑝𝑆𝑆𝑖𝑖 =   𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖𝑓𝑓 − 𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖  [5.18] 
𝐴𝐴𝑝𝑝𝑆𝑆𝑖𝑖 =   𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖𝑓𝑓 − 𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖 𝑓𝑓𝑓𝑓   [5.19] 
𝐴𝐴𝑝𝑝𝑆𝑆𝑖𝑖 =   𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖(1 − 𝑓𝑓)𝑓𝑓   [5.20] 
Substituting equation [5.20] for mpSi into the fice [5.15] equation:  
𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑 =   𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑) 𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖(1 − 𝑓𝑓)
𝑓𝑓 +  𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)  [5.21] 
and dividing through by miSi yields; 
𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑 =  (1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)(1 − 𝑓𝑓)
𝑓𝑓 + (1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)  [5.22] 
Multiplying by (f/f) and collecting terms; 
𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑 =  𝑓𝑓(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)(1 − 𝑓𝑓) + 𝑓𝑓(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)  [5.23] 
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𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑 =  𝑓𝑓(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)1 − 𝑓𝑓 + 𝑓𝑓 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓)  [5.24] 
𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑 =  𝑓𝑓(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓    [5.25][𝑠𝑠𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐴𝐴𝐴𝐴𝑝𝑝𝐸𝐸𝑐𝑐𝑝𝑝𝑝𝑝𝐸𝐸 𝑓𝑓𝐸𝐸𝐸𝐸𝑐𝑐𝑝𝑝𝐴𝐴𝑝𝑝𝐸𝐸 − 𝐴𝐴𝑐𝑐𝑑𝑑] 
 
Having defined the ice modified values for γSi-ice [5.7] and fice [5.25] these values can be 
substituted directly into any of the general 4BMB equations as discussed in previous sections of 
this paper yielding the four body mass balance equation modified for an icy impactor [4BMB-ice]. 
𝐷𝐷𝑚𝑚 = (1 − 𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑)(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑)𝐷𝐷𝐸𝐸 + (𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑) − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑)𝐷𝐷𝑖𝑖    [5.26] [4𝐵𝐵𝑀𝑀𝐵𝐵 − 𝐴𝐴𝑐𝑐𝑑𝑑] 
 
Where:  𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑 = 𝛾𝛾(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)  [5.27]         𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑 =  𝑓𝑓(1−𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖)1−𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑓𝑓   [5.28] 
 
 
Application: Wiechert and Halliday, 2001. 
To better understand the use of the 4BMB-ice equation let us again review a simplified 
case. If we are tracing Δ or ε values that use the Earth as a standard reference where DE = 0 the 
4BMB-ice equation reduces to:  
𝐷𝐷𝑚𝑚 = (𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑) − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑)𝐷𝐷𝑖𝑖  [5.29] 
or 
𝐷𝐷𝑚𝑚 = (𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑 − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑)𝐷𝐷𝑖𝑖  [5.30] 
Which can be written in linear form where variables are the lunar isotope value, Dm and the 
fraction of impactor silicates in the Moon f: 
𝐷𝐷𝑚𝑚 = 𝐷𝐷𝑖𝑖(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑)𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑 − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑𝐷𝐷𝑖𝑖  [5.31] 
Substitution of: 𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑 = 𝛾𝛾(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑) and  𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑 =  𝑓𝑓(1−𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖)1−𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑓𝑓   into the above will yield: 
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𝐷𝐷𝑚𝑚 = �(1 + 𝛾𝛾(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑))𝑓𝑓(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓 − 𝛾𝛾(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)�𝐷𝐷𝑖𝑖  [5.32] 
𝐷𝐷𝑚𝑚 = (1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)�(1 + 𝛾𝛾(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)) 𝑓𝑓1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓 − 𝛾𝛾�𝐷𝐷𝑖𝑖   [5.33] 
𝐷𝐷𝑚𝑚 = �1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓� �(1 + 𝛾𝛾(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑))𝑓𝑓 − 𝛾𝛾(1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓)�𝐷𝐷𝑖𝑖  [5.34] 
𝐷𝐷𝑚𝑚 = �1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓� �(1 + 𝛾𝛾 − 𝛾𝛾𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)𝑓𝑓 − 𝛾𝛾(1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓)�𝐷𝐷𝑖𝑖   [5.35] 
𝐷𝐷𝑚𝑚 = �1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓� (𝑓𝑓 + 𝛾𝛾𝑓𝑓 − 𝛾𝛾𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓 − 𝛾𝛾 + 𝛾𝛾𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓)𝐷𝐷𝑖𝑖  [5.36] 
𝐷𝐷𝑚𝑚 = �1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓� (𝑓𝑓 + 𝛾𝛾𝑓𝑓 − 𝛾𝛾)𝐷𝐷𝑖𝑖    [5.37]  [𝐷𝐷𝐴𝐴. 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓. 𝐴𝐴𝑐𝑐𝑑𝑑] 
  
Equation [5.37] can be used to examine the effect of ice on the isotopic detectable 
fractions of an impactor forming the Moon using the results of Wiechert and Halliday’s 2001 
oxygen isotope study.  Figure 5-3a, depicts the resulting lunar Δ17O isotope value (Dm) for 
different fractions of a Mars-like impactor forming the Moon for an impact ratio of γ = 0.1 (an 
impactor with 10% of the mass of the proto-Earth).  As the amount of ice replacing silicates (cice) 
increases the slope of the mixing lines initially decreases along with a corresponding increase in 
the y-intercept (or decrease in its absolute value).  Recall that the y-intercept represents the 
inferred proto-Earth isotope value [eqn. 3.6].  More ice results in less impactor silicates 
contaminating the proto-Earth which reduces the proto-Earth isotopic offset.  The pivot point 
(where Dm = 0) is a direct function of γ, is independent of cice and occurs when the mass fraction 
of impactor in the Moon equals the mass fraction of impactor in the Earth (fzero = γc), as discussed 
in section 3 [eqn. 3.23] (see Appendix A5 for derivation).  Figure 5-3b depicts the resulting Δ17O 
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isotope values for a larger Mars-like impactor having an impact ratio of γ = 0.20.  It can be 
determined that the maximum fraction of impactor in the Moon which would not have been 
detectable by Wiechert and Halliday’s methods in this case has increased to some 22%. 
 
Plotting the calculated isotope values for the Moon across the full range of possible lunar 
fractions (0 to 100%) it can be seen that the detectable fraction increases with the addition of ice 
(Figure 5-4).  For large fractions of impactor in the Moon the lunar isotope value converges on 
the impactor value, in this case 0.32‰ for a Mars-like impactor.  This is a necessary requirement 
in that for f = 100% the Moon would be made entirely of impactor material. The value for Di 
represents an anchor point for the function, independent of γ and cice.  The function will then 
pivot about the Dm= 0 condition which occurs at f = γc (derivation in Appendix A5).  In the canonic 
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range of values for f of 60% to 90% the resulting value for the Moon is strongly influenced 
(decreased) by the presence of ice.  For small impactor fractions the lunar values converge to the 
inferred proto-Earth value. 
 
The term in parenthesis in equation [5.37] can be defined as the ice factor for a terrestrial 
reference: 
�
1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓�      [5.38]  [𝐴𝐴𝑐𝑐𝑑𝑑 𝑓𝑓𝐸𝐸𝑐𝑐𝑝𝑝𝑝𝑝𝐸𝐸. 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓] 
Equation [5.37] can be written as a function of the ice factor term:  
𝐷𝐷𝑚𝑚 = �1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓� 𝑓𝑓(1 + 𝛾𝛾)𝐷𝐷𝑖𝑖 − �1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓� 𝛾𝛾𝐷𝐷𝑖𝑖      [5.39] [𝐷𝐷𝐴𝐴. 𝑠𝑠𝐴𝐴𝐸𝐸𝑑𝑑𝐸𝐸𝐸𝐸𝐴𝐴𝑙𝑙𝑑𝑑𝐴𝐴. 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓. 𝐴𝐴𝑐𝑐𝑑𝑑] 
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Reviewing equation [5.39] it is clear that the ice factor affects both the slope [f(1+γ)Di] of 
the mixing line as well as the y-intercept which represents Dp.   For any given γ and cice as f 
increases the ice factor increases reaching unity at f = 1.  At f = 0 the y-intercept reduces (shifts 
upwards) to (1-cice)γDi = Dp.  In general as cice increases Dp shifts upward which causes the Dm 
function to pivot about f = γc while remaining anchored at Di (review Figure 5-4). For cice equal to 
zero the function is linear.  The y-intercept increase is a direct result of the reduction in γSi-ice due 
to the reduction of impactor silicates available to merge with the proto-Earth: γSi-ice = γ(1-cice). 
The effect on the slope is a bit more complex, since the mass fraction of impactor ejected to the 
disk has its silicates reduced by the same percentage as the mass of the impactor that merges 
with the proto-Earth resulting in both γ and f being reduced by the removal of impactor silicates, 
albeit at different ratios based on γ and f. 
Figure 5-5 depicts the value of the ice factor for different canonic mass fractions of 
impactor in the Moon (f) as increasing amounts of ice replace silicates on the impactor (cice). In 
general as f increases the ice factor increases, increasing the slope while also increasing the y-
intercept of the Dm mixing line. From the figure it can be seen that as f decreases the effect of 
the ice factor becomes more pronounced.  The range of possible values for the ice factor is unity 
for f = 1 and (1- cice) for f = 0, where an f = 1.0 implies a Moon made entirely of impactor while an 
f = 0 implies a Moon which is entirely made of proto-Earth silicates.  
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Resulting Lunar Mass 
 It should be noted that the treatment of ice added to an impactor by these methods will 
decrease the theoretical mass of the Moon which forms based on SPH modeling done for non-
icy bodies.  Defining MmSi as the silicate mass of the formed Moon without ice present and M’mSi 
as the silicate mass of the Moon with impactor silicates removed due to ice the fractional or 
percent decrease in the bulk lunar silicate mass (ΔMmSi) due to ice can be found: 
∆𝑀𝑀𝑚𝑚𝑆𝑆𝑖𝑖 = 𝑀𝑀′𝑚𝑚𝑆𝑆𝑖𝑖 − 𝑀𝑀𝑚𝑚𝑆𝑆𝑖𝑖𝑀𝑀𝑚𝑚𝑆𝑆𝑖𝑖 = �𝐴𝐴′𝑖𝑖𝑆𝑆𝑖𝑖 + 𝐴𝐴𝑝𝑝−𝑖𝑖� − (𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖 + 𝐴𝐴𝑝𝑝−𝑖𝑖)𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖 + 𝐴𝐴𝑝𝑝−𝑖𝑖   [5.40] 
∆𝑀𝑀𝑚𝑚𝑆𝑆𝑖𝑖 = 𝐴𝐴′𝑖𝑖𝑆𝑆𝑖𝑖 + 𝐴𝐴𝑝𝑝−𝑖𝑖 − 𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖 − 𝐴𝐴𝑝𝑝−𝑖𝑖𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖 + 𝐴𝐴𝑝𝑝−𝑖𝑖   [5.41] 
∆𝑀𝑀𝑚𝑚𝑆𝑆𝑖𝑖 = 𝐴𝐴′𝑖𝑖𝑆𝑆𝑖𝑖 − 𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖 + 𝐴𝐴𝑝𝑝𝑆𝑆𝑖𝑖   [5.42] 
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∆𝑀𝑀𝑚𝑚𝑆𝑆𝑖𝑖 = 𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑) −𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖 + 𝐴𝐴𝑝𝑝𝑆𝑆𝑖𝑖   [5.43] 
∆𝑀𝑀𝑚𝑚𝑆𝑆𝑖𝑖 = 𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖 − 𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑 − 𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖 + 𝐴𝐴𝑝𝑝𝑆𝑆𝑖𝑖   [5.44] 
∆𝑀𝑀𝑚𝑚𝑆𝑆𝑖𝑖 = −𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖 + 𝐴𝐴𝑝𝑝𝑆𝑆𝑖𝑖   [5.45] 
∆𝑀𝑀𝑚𝑚𝑆𝑆𝑖𝑖 = −� 𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖𝐴𝐴𝑖𝑖𝑆𝑆𝑖𝑖 + 𝐴𝐴𝑝𝑝𝑆𝑆𝑖𝑖� 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑  [5.46] 
∆𝑀𝑀𝑚𝑚𝑆𝑆𝑖𝑖 = −𝑓𝑓𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑    [5.47]   [𝑠𝑠𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐸𝐸𝑑𝑑𝐴𝐴𝐸𝐸𝑐𝑐𝑝𝑝𝐴𝐴𝑝𝑝𝐸𝐸] 
For example if 20% of the impactors silicates were replaced with ice and the lunar silicate fraction 
were 70% the resulting lunar silicate reservoir would be some 14% smaller (-f cice = -0.7 x 0.2) 
than the impact simulation results indicate.  Given that the iron core of the Moon is only some 
2% to 4% of the total lunar mass, equation [5.47] gives a reasonable approximation of the 
reduction in the total mass of the Moon as well. 
One important consequence of the decrease in the theoretical lunar mass due to ice is 
that larger moons which have formed in non-ice SPH simulations and may have been omitted 
due to excessive mass, may have been of an acceptable size if the modeled impactor had 
contained ice.  A second important outcome of a smaller Moon is the accompanying decrease in 
the angular momentum of the theoretical Earth-Moon system which formed in the non-ice SPH 
simulations.  The volatized and ejected ice removes angular momentum from the system. Since 
the Moon represents 80.3% of the angular momentum of the Earth-Moon system and the angular 
momentum of the Moon is a direct function of the mass of the Moon, the angular momentum of 
a theoretical impact event which contained ice would have a lower value than the non-ice SPH 
models have indicated. 
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The fractional decrease in the in the hypothetical angular momentum of the Earth-Moon 
system due to ice loss (ΔLEM ) based on a decrease the mass of the theoretical Moon formed can 
be found (defining LEM as the Earth-Moon angular momentum,  L’EM as the ice modified Earth-
Moon angular momentum, LE as the Earths angular momentum and LM as the Moons angular 
momentum) as follows:  
𝐿𝐿𝐸𝐸𝑀𝑀 ≡ 𝐿𝐿𝐸𝐸 + 𝐿𝐿𝑀𝑀  [5.48] 
𝐿𝐿′𝐸𝐸𝑀𝑀 ≡ 𝐿𝐿𝐸𝐸 + (1 − 𝑓𝑓𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)𝐿𝐿𝑀𝑀 = 𝐿𝐿𝐸𝐸 + 𝐿𝐿𝑀𝑀 − 𝑓𝑓𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝐿𝐿𝑀𝑀  [5.49] 
∆𝐿𝐿𝐸𝐸𝑀𝑀 ≡ �
𝐿𝐿′𝐸𝐸𝑀𝑀−𝐿𝐿𝐸𝐸𝑀𝑀
𝐿𝐿𝐸𝐸𝑀𝑀
� = (𝐿𝐿𝐸𝐸 + 𝐿𝐿𝑀𝑀 − 𝑓𝑓𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝐿𝐿𝑀𝑀) − (𝐿𝐿𝐸𝐸 + 𝐿𝐿𝑀𝑀)
𝐿𝐿𝐸𝐸𝑀𝑀
  [5.50] 
∆𝐿𝐿𝐸𝐸𝑀𝑀 = 𝐿𝐿𝐸𝐸 + 𝐿𝐿𝑀𝑀 − 𝑓𝑓𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝐿𝐿𝑀𝑀 − 𝐿𝐿𝐸𝐸 − 𝐿𝐿𝑀𝑀)𝐿𝐿𝐸𝐸𝑀𝑀   [5.51] 
∆𝐿𝐿𝐸𝐸𝑀𝑀 = −𝑓𝑓𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝐿𝐿𝑀𝑀𝐿𝐿𝐸𝐸𝑀𝑀   [5.52] 
∆𝐿𝐿𝐸𝐸𝑀𝑀 = −𝑓𝑓𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑(0.803)  [5.53] 
Using the values from the previous example (f = 0.7 and cice = 0.2); 
∆𝐿𝐿𝐸𝐸𝑀𝑀 = −(0.7)(0.2)(0.803) = −0.11 = −11%  [5.54] 
results in an 11% decrease in the angular momentum of the Earth-Moon system.  Canonic non-
ice SPH impact simulations which may have omitted impacts which developed an excessive 
amount of LEM or developed an oversized Moon may have been acceptable impact scenarios if 
ice had been incorporated on the hypothetical impactor. 
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Defining the mass of ice using bulk fractions. 
Rather than define the fraction of silicates which are replaced with ice it is often 
convenient to incorporate ice by defining the bulk fraction of the impactor which is ice.  The 
relationship of cice to total fraction of ice (Fice) on the impactor can be found as follows: 
𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑 ≡  𝑀𝑀𝑖𝑖𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖   [5.55] 
𝑀𝑀𝑖𝑖𝑐𝑐𝑑𝑑 = 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖  [5.56] 
𝐹𝐹𝑖𝑖𝑐𝑐𝑑𝑑 ≡   𝑀𝑀𝑖𝑖𝑐𝑐𝑑𝑑 𝑀𝑀𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 𝑀𝑀𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝐹𝐹𝑆𝑆𝑖𝑖  [5.57] 
The resulting ice modified fraction of impactor silicates (F’Si-ice) can also be determined: 
𝐹𝐹′𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑 ≡   𝑀𝑀′𝑖𝑖𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑 𝑀𝑀𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 −  𝑀𝑀𝑖𝑖𝑐𝑐𝑑𝑑 𝑀𝑀𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 𝑀𝑀𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑) 𝑀𝑀𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇   [5.58] 
𝐹𝐹′𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑  = 𝐹𝐹𝑆𝑆𝑖𝑖(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)  [5.59] 
For example: If 10% of the silicates were replaced with ice on a hypothetical impactor which 
initially had a canonic composition of 30% iron and 70% silicates then: 
cice = 0.1     [5.60]  
Fice = ciceFSi = (0.1)(0.7) = 7%    [5.61] 
F’Si-ice = FSi(1-cice) = (0.1)(1-0.7) = 63%   [5.62] 
That is, the impactor consists of 7% ice and 63% silicates which together represents 70% of the 
impactor mass with the remaining 30% of the mass being iron: 
    F’Fe-ice = (1 - (F’Si-ice + Fice)) = (1 - 0.7) = 30%   [5.63] 
The fraction of the impactor consisting of iron is unchanged by this method since only silicates 
are replaced with ice.  Section 7 details a comprehensive method for changing the bulk iron core 
fraction to accommodate any combination of impactor bulk fractions of ice, silicates and iron.  
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Section 6 
4 Body Mass Balance Relationship with Inefficient Accretion 
The basic four body mass balance equation [4BMB] is highly conservative in that it 
assumes that the giant impact was a perfect merging event and that the mass of the Earth is the 
efficiently combined mass of the proto-Earth and the impactor.  This is an oversimplification in 
that the formation of the Moon at the very least removes one lunar mass of material from the 
Earth.  Mass which was kinetically ejected into 
space during the giant impact must suffer one of 
three fates; it may form a disk around the Earth 
which then accretes to form the Moon (Mm), it 
may return to the Earth (mfall) or it may have 
sufficient kinetic energy to escape from the 
system entirely (mesc) (Figure 6-1).  The mass 
which returns to Earth is not of consequence from 
a mass balance perspective, however mass which 
forms the Moon or escapes from the system is 
since it reduces the mass available to form the 
Earth.  Mass which does not coalesce with the Earth effectively changes the impact ratio (γ) as it 
is used in the conservative mass balance equations when they are applied to the Earth.  Hereafter 
the effective mass of the ejected circum-terrestrial disk (MD) shall refer to the net mass which 
forms the Moon or escapes into space and does not accrete with the Earth. 
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𝑀𝑀𝐷𝐷 ≡ 𝑀𝑀𝑀𝑀 + 𝐴𝐴𝑑𝑑𝑒𝑒𝑐𝑐    [6.1] 
If the Earth and the disk each have the same fractional proportions of proto-Earth and 
impactor bulk reservoir material (γc = f) then the ejected disk mass is of little consequence in the 
mass balance relationship since the disk will necessarily have the same final isotope values as the 
Earth.  However, when the fractional contributions of the impactor to the Earth and the disk are 
different the ejected mass will essentially alter the impact ratio (from a mass balance 
perspective) and the conservative 4BMB equations must be modified to account for the 
reduction of mass available to form the Earth.  Defining n to be the fraction of the total available 
mass which is permanently ejected to the disk: 
𝐸𝐸 ≡
𝑀𝑀𝐷𝐷
𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇
    [6.2] 
and using the proto-Earth and impactor mass values; 
𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑀𝑀𝑝𝑝 + 𝑀𝑀𝑖𝑖    [6.3] 
𝑀𝑀𝑖𝑖 = 𝛾𝛾𝑀𝑀𝑝𝑝    [6.4] 
the mass loss to the disk can be written as: 
𝑀𝑀𝐷𝐷 = 𝐸𝐸𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐸𝐸�𝑀𝑀𝑝𝑝 + 𝑀𝑀𝑖𝑖� = 𝐸𝐸�𝑀𝑀𝑝𝑝 +  𝛾𝛾𝑀𝑀𝑝𝑝�    [6.5] 
or 
𝑀𝑀𝐷𝐷 = 𝐸𝐸(1 + 𝛾𝛾)𝑀𝑀𝑝𝑝    [6.6]. 
Assuming the disk is well mixed the fraction of the impactor which populates the disk will 
be the same as the fraction which forms the Moon.  Again defining f as the lunar (or disk) mass 
fraction of impactor material and fp as the lunar (or disk) mass fraction of the proto-Earth mass 
which constitutes the Moon (or disk) the mass of the disk derived from the proto-Earth can be 
stated as: 
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𝐴𝐴𝐷𝐷𝑝𝑝 = 𝑓𝑓𝑝𝑝(𝑀𝑀𝐷𝐷) = (1 − 𝑓𝑓)(𝑀𝑀𝐷𝐷) = (1 − 𝑓𝑓)𝐸𝐸(1 + 𝛾𝛾)𝑀𝑀𝑝𝑝    [6.7] 
Defining the mass of the disk originating from the impactor in a similar manner: 
𝐴𝐴𝐷𝐷𝑖𝑖 = 𝑓𝑓(𝑀𝑀𝐷𝐷) = 𝑓𝑓𝐸𝐸(1 + 𝛾𝛾)𝑀𝑀𝑝𝑝    [6.8] 
Given that mass in the disk; 
𝑀𝑀𝐷𝐷 = 𝐴𝐴𝐷𝐷𝑝𝑝 + 𝐴𝐴𝐷𝐷𝑖𝑖    [6.9] 
does not accrete with the Earth it must be removed from the 3BMB-Earth equation [3.1] 
accordingly:  
𝐷𝐷𝐸𝐸 = 𝑀𝑀𝑝𝑝𝐷𝐷𝑝𝑝 + 𝑀𝑀𝑖𝑖𝐷𝐷𝑖𝑖𝑀𝑀𝑝𝑝 + 𝑀𝑀𝑖𝑖        [6.10] [3𝐵𝐵𝑀𝑀𝐵𝐵 − 𝐸𝐸𝐸𝐸𝐸𝐸𝑝𝑝ℎ] 
 
𝐷𝐷𝐸𝐸 = �𝑀𝑀𝑝𝑝 − 𝐴𝐴𝐷𝐷𝑝𝑝�𝐷𝐷𝑝𝑝 + [𝑀𝑀𝑖𝑖 − 𝐴𝐴𝐷𝐷𝑖𝑖]𝐷𝐷𝑖𝑖(𝑀𝑀𝑝𝑝 + 𝑀𝑀𝑖𝑖) − (𝑀𝑀𝐷𝐷)         [6.11] [3𝐵𝐵𝑀𝑀𝐵𝐵𝑑𝑑𝑒𝑒𝑑𝑑𝑐𝑐𝑝𝑝𝐸𝐸 − 𝐸𝐸𝐸𝐸𝐸𝐸𝑝𝑝ℎ] 
 
𝐷𝐷𝐸𝐸 = �𝑀𝑀𝑝𝑝 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)𝑀𝑀𝑝𝑝�𝐷𝐷𝑝𝑝 + [𝛾𝛾𝑀𝑀𝑝𝑝 − 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾)𝑀𝑀𝑝𝑝]𝐷𝐷𝑖𝑖(𝑀𝑀𝑝𝑝 + 𝛾𝛾𝑀𝑀𝑝𝑝) − 𝐸𝐸(1 + 𝛾𝛾)𝑀𝑀𝑝𝑝     [6.12] 
 
𝐷𝐷𝐸𝐸 = [1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)]𝐷𝐷𝑝𝑝 + [𝛾𝛾 − 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾)]𝐷𝐷𝑖𝑖(1 + 𝛾𝛾) − 𝐸𝐸(1 + 𝛾𝛾)     [6.13] 
 
𝐷𝐷𝐸𝐸 = [1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)]𝐷𝐷𝑝𝑝 + [𝛾𝛾 − 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾)]𝐷𝐷𝑖𝑖(1 − 𝐸𝐸)(1 + 𝛾𝛾)     [6.14] 
Solving for Dp, the proto-Earth isotopic value: 
𝐷𝐷𝑝𝑝 = [(1 − 𝐸𝐸)(1 + 𝛾𝛾)]𝐷𝐷𝐸𝐸 − [𝛾𝛾 − 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾)]𝐷𝐷𝑖𝑖1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)     [6.15][3𝐵𝐵𝑀𝑀𝐵𝐵𝑑𝑑𝑒𝑒𝑑𝑑𝑐𝑐𝑝𝑝𝐸𝐸 − 𝑝𝑝𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸𝐸𝐸𝑝𝑝ℎ] 
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Note that if there were no disk losses setting n equal to zero in the 3BMBejecta-protoEarth 
equation [6.15] will produce the conservative 3BMB-proto-Earth equation for Dp; 
𝐷𝐷𝑝𝑝 = [(1 + 𝛾𝛾)]𝐷𝐷𝐸𝐸 − [𝛾𝛾]𝐷𝐷𝑖𝑖1     [6.16] [3𝐵𝐵𝑀𝑀𝐵𝐵 − 𝑝𝑝𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸𝐸𝐸𝑝𝑝ℎ]  
The 3BMB relationship as it was applied to the lunar disk [3.11] does not need to be modified 
since it was developed using ejected disk mass. 
𝐷𝐷𝑚𝑚 = (1 − 𝑓𝑓)𝐷𝐷𝑝𝑝 + 𝑓𝑓𝐷𝐷𝑖𝑖      [6.17][3𝐵𝐵𝑀𝑀𝐵𝐵 −𝑀𝑀𝑝𝑝𝑝𝑝𝐸𝐸] 
Combining 3BMB-proto-Earth and 3BMB-Moon to eliminate Dp, the unknown proto-Earth value, 
yields the 4BMB-ejecta equation: 
𝐷𝐷𝑚𝑚 = (1 − 𝑓𝑓)�[(1 − 𝐸𝐸)(1 + 𝛾𝛾)]𝐷𝐷𝐸𝐸 − [𝛾𝛾 − 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾)]𝐷𝐷𝑖𝑖1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾) � +  𝑓𝑓𝐷𝐷𝑖𝑖     [6.18] 
 
𝐷𝐷𝑚𝑚 = [(1 − 𝑓𝑓)(1 − 𝐸𝐸)(1 + 𝛾𝛾)]𝐷𝐷𝐸𝐸 − (1 − 𝑓𝑓)(𝛾𝛾 − 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾)𝐷𝐷𝑖𝑖 + (1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)) 𝑓𝑓𝐷𝐷𝑖𝑖1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)     [6.9] 
 
𝐷𝐷𝑚𝑚 = [(1 − 𝑓𝑓)(1 − 𝐸𝐸)(1 + 𝛾𝛾)]𝐷𝐷𝐸𝐸 + [−𝛾𝛾 + 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾) + 𝑓𝑓𝛾𝛾 − 𝐸𝐸𝑓𝑓2(1 + 𝛾𝛾) + 𝑓𝑓 − 𝐸𝐸𝑓𝑓(1 − 𝑓𝑓)(1 + 𝛾𝛾)] 𝐷𝐷𝑖𝑖1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)     [6.20] 
 
𝐷𝐷𝑚𝑚 = [(1 − 𝑓𝑓)(1 − 𝐸𝐸)(1 + 𝛾𝛾)]𝐷𝐷𝐸𝐸 + [−𝛾𝛾 + 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾) + 𝑓𝑓𝛾𝛾 − 𝐸𝐸𝑓𝑓2(1 + 𝛾𝛾) + 𝑓𝑓 − 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾) + 𝐸𝐸𝑓𝑓2(1 + 𝛾𝛾)] 𝐷𝐷𝑖𝑖1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)     [6.21] 
 
𝐷𝐷𝑚𝑚 = [(1 − 𝑓𝑓)(1 − 𝐸𝐸)(1 + 𝛾𝛾)]𝐷𝐷𝐸𝐸 + [−𝛾𝛾 + 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾) + 𝑓𝑓𝛾𝛾 + 𝑓𝑓 − 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾)] 𝐷𝐷𝑖𝑖1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)     [6.22] 
 
𝐷𝐷𝑚𝑚 = [(1 − 𝑓𝑓)(1 − 𝐸𝐸)(1 + 𝛾𝛾)]𝐷𝐷𝐸𝐸 + [−𝛾𝛾 + 𝑓𝑓𝛾𝛾 + 𝑓𝑓] 𝐷𝐷𝑖𝑖1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)     [6.23] 
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𝐷𝐷𝑚𝑚 = [(1 − 𝑓𝑓)(1 − 𝐸𝐸)(1 + 𝛾𝛾)]𝐷𝐷𝐸𝐸 + [𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾]𝐷𝐷𝑖𝑖1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)         [6.24][4𝐵𝐵𝑀𝑀𝐵𝐵 − 𝑑𝑑𝑒𝑒𝑑𝑑𝑐𝑐𝑝𝑝𝐸𝐸] 
It can be shown that setting n equal to zero here will yield the conservative 4BMB equation [3.16]: 
𝐷𝐷𝑚𝑚 = (1 − 𝑓𝑓)(1 + 𝛾𝛾)𝐷𝐷𝐸𝐸 + (𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾)𝐷𝐷𝑖𝑖1        [6.25]  [4𝐵𝐵𝑀𝑀𝐵𝐵] 
For schematics which use terrestrial standards where DE is equal to zero the 4BMB-ejecta 
equation [6.24] becomes the non-conservative version of the 4BMB-terr.ref equation for the 
Moon. 
𝐷𝐷𝑚𝑚 = [𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾]𝐷𝐷𝑖𝑖1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)        [6.26] [4𝐵𝐵𝑀𝑀𝐵𝐵𝑑𝑑𝑒𝑒𝑑𝑑𝑐𝑐𝑝𝑝𝐸𝐸 − 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓] 
 
The reduction of mass available to form the Earth effectively reduces the mass ratio (γ) 
as it is used in the mass balance relationships.  Given that the Moon consists of only 2% to 4% 
iron, we shall assume that the preponderance of the material that is lost to the disk to be silicate.  
As such, the effective ejecta modified silicate impact mass ratio (γSi-esc) can be determined as 
follows: 
𝛾𝛾 ≡
𝑀𝑀𝑖𝑖
𝑀𝑀𝑝𝑝
    [6.27] 
𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐 ≡
𝑀𝑀𝑖𝑖 − 𝐴𝐴𝐷𝐷𝑖𝑖
𝑀𝑀𝑝𝑝 − 𝐴𝐴𝐷𝐷𝑝𝑝
    [6.28] 
𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐 = 𝛾𝛾𝑀𝑀𝑝𝑝 − 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾)𝑀𝑀𝑝𝑝𝑀𝑀𝑝𝑝 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)𝑀𝑀𝑝𝑝     [6.29] 
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𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐 = 𝛾𝛾 − 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾)1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)     [6.30][𝐴𝐴𝐸𝐸𝑝𝑝𝑝𝑝 𝐸𝐸𝐸𝐸𝑝𝑝𝐴𝐴𝑝𝑝 𝑤𝑤𝐴𝐴𝑝𝑝ℎ 𝑑𝑑𝑒𝑒𝑑𝑑𝑐𝑐𝑝𝑝𝐸𝐸] 
The effective ejecta modified mass fraction (γc-Si-esc) can be defined in a similar manner:  
𝛾𝛾𝑐𝑐 ≡
𝑀𝑀𝑖𝑖
𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇
    [6.31] 
𝛾𝛾𝑐𝑐−𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐 ≡
𝑀𝑀𝑖𝑖 − 𝐴𝐴𝐷𝐷𝑖𝑖
𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 −𝑀𝑀𝐷𝐷
    [6.32] 
𝛾𝛾𝑐𝑐−𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐 = 𝛾𝛾𝑐𝑐𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑓𝑓𝐸𝐸𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 − 𝐸𝐸𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇     [6.33] 
𝛾𝛾𝑐𝑐−𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐 = 𝛾𝛾𝑐𝑐 − 𝑓𝑓𝐸𝐸1 − 𝐸𝐸            [6.34][𝐴𝐴𝐸𝐸𝑝𝑝𝑝𝑝 𝑓𝑓𝐸𝐸𝐸𝐸𝑐𝑐𝑝𝑝𝐴𝐴𝑝𝑝𝐸𝐸 𝑤𝑤𝐴𝐴𝑝𝑝ℎ 𝑑𝑑𝑒𝑒𝑑𝑑𝑐𝑐𝑝𝑝𝐸𝐸] 
 
The effective mass ratio with ejecta once calculated can be substituted directly for γ 
(proof in appendix) into the 4BMB equation [3.16] as long as the same fraction (f) is used in the 
4BMB equation as is used to compute γSi-
esc.  Care must be taken when 
substituting the effective mass ratio into 
any of the 4BMB relationships which 
solve for the allowed or maximum 
fraction of impactor in the disk since γesc 
is a function of f. 
Equation [6.30] was used to 
generate the plots shown in Figure 6-2. 
As the fraction of material ejected to the 
disk (n) increases the effective mass ratio decreases in a nearly linear fashion for moderate 
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ejected fractions (n < 10%).  The rate of decrease of γSi-esc is also strongly related to the fraction 
of impactor in the Moon (f). In general, as f increases the change in the ejected mass ratio 
becomes larger for any given ejected fraction.  When γc = f there will be no change in γSi-esc since 
both Mi and Mp are reduced by the same fraction.  In the unusual case where f is less than γc the 
ejected mass ratio will increase (see plot line for γ = 0.2 and f = 0.1 in Figure 6-2).  In this unusual 
case a higher fraction of proto-Earth material is ejected to the disc than from the impactor 
causing the value for Mp to decrease by a larger fraction than the value for Mi.  The percentage 
change in the mass ratio can be computed for different ejected fractions and is depicted in 
Figures 6-3a and 6-3b.  From a comparison of the two figures it is readily apparent that the 
percentage change in γSi-esc is strongly influenced by the initial impact ratio (γ of 0.1 compared to 
0.2).  Smaller impactors (Figure 6-3a) are more sensitive to ejected mass fractions than are larger 
impactors since smaller impactors must eject a larger percentage of their initial mass to populate 
the disk for a given total ejected mass fraction. 
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For example: if 10% of the total system mass were ejected to the disk (n = 0.1) and 50% 
of the disk were derived from the impactor (f = 0.5) then the amount of impactor mass which 
populates the disk is 5% of MTot (see appendix A6 for calculation).  If this impactor represented a 
canonic 10% of the total mass then γc = 0.1 (note the use of the mass fraction here and not the 
mass ratio) then 50% of the impactor will have been ejected to the disk. This will reduce the 
amount of impactor mass available to form the Earth and the effective mass fraction γc will 
decrease to 0.056.  Although 50% of the impactor does not mix with the proto-Earth the 
reduction in γc is only 45% since the proto-Earth also sheds mass to the disk (5% of MTot in this 
case).  From a mass balance perspective the portion of the impactor which forms the Earth is 50% 
of the original impactor’s mass while 94.6% of the proto-Earth’s mass remains within the Earth.  
If however the impactor were larger, say 20% of MTot (γc = 0.2) then 25% of the impactor will 
reside in the disk and the mass fraction will decrease by 17% to 0.167.  Typical values for the 
effective mass fraction and mass ratio with ejecta over a range of canonic impactor fractions are 
listed in Tables 6-1a and 6-1b.  
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The percentage change in the effective mass ratio is listed in Table 6-2.  For a typical 
ejected fraction of n = 2% the mass ratio can change by up to 17% over the canonic range of 
impactor ratios and lunar impactor fractions. 
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Impact simulations indicate that the total amount of mass which is initially ejected to the 
circum-terrestrial disk is about four lunar masses of which nearly 70% falls back to the Earth with 
generally less than 5% of the initial disk mass being ejected from the system (Figure 6-4 by Ida, 
et.al, 2003).  The amount of mass which escapes from the system can be approximated using: 
mesc = 0.05MD, (Ida, 1997) where the mass of the disk which initially forms can be estimated using: 
𝑀𝑀𝐷𝐷 ≈ 0.015 � 𝛾𝛾𝑐𝑐0.1�𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇     [6.35] 
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which is valid for canonic values of (0.1 ≤ γc ≤ 0.3), (Canup, 2004).  This equation yields an escaping 
mass of (0.075% to 0.23%) of MTot.  Given that the Moon has 1.23% of the Earth’s mass and since 
typically less than 0.2% of an Earth mass escapes, generally 1.5% of the systems mass or less will 
be permanently ejected and will be unavailable to merge with the proto-Earth. Conservatively, 
based on simulation data, it is entirely reasonable to assume that less than 5% of the proto-Earth 
and impactor mass does not coalesce with the Earth. 
 
Application:  Wiechert and Halliday et.al, 2001: 
To examine the effect of inefficient accretion on impact isotope analytics the linearized 
4BMB equation [3.19] can be modified by direct substitution of γ with γSi-esc (making certain that 
the same value for f is used to compute γSi-esc) and applied to Wiechert and Halliday’s 2001 oxygen 
isotope study. 
𝐷𝐷𝑚𝑚 = 𝐷𝐷𝑖𝑖(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐)𝑓𝑓 − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐𝐷𝐷𝑖𝑖          [6.36] 
Alternatively the 4BMB ejecta for terrestrial references equation [6.26] may be used with 
identical results. 
𝐷𝐷𝑚𝑚 = [𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾]𝐷𝐷𝑖𝑖1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)          [6.37] [4𝐵𝐵𝑀𝑀𝐵𝐵𝑑𝑑𝑒𝑒𝑑𝑑𝑐𝑐𝑝𝑝𝐸𝐸 − 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓] 
Equation [6.37] was used to generate the set of mixing lines for two canonic Mars-like impactors 
having impact ratios of 0.10 and 0.20 over a range of ejected fractions of   n = 0%, 5% and 10% 
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(Figure 6-5).  As n increases the y-intercept of the Dm line, representing the inferred isotope value 
for the proto-Earth [γSi-esc Di = Dp] shifts downwards. The “pivot point” for the mixing lines at Dm 
= 0 occurs when the Earth obtains the same fraction of impactor as does the Moon, (f = γc = γSi-
esc; see appendix A8 for a full derivation).  In general, ejected mass reduces the effective size of 
the impactor however for lunar fractions which are near the pivot point (γc) the value for Dm is 
not strongly affected by inefficient accretion.  The vertical dashed lines in Figure 6-5 represent 
the maximum fraction of impactor (fdet) in the Moon that would not have been detectable at the 
2σ level of uncertainty in Wiechert and Halliday’s dataset.  Inefficient accretion with a 10% loss 
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of mass just slightly reduces these fractions from (13.6% to 13.4% for γ = 0.1) and from (20.6% to 
20.4% for γ = 0.2), the full range of values are listed in Table 6-3 below.   
Given that many isotope schematics use the Earth as a reference (DE = 0) it is worthwhile 
to solve the 4BMBejecta-terr.ref equation [6.26] for f as follows: 
𝐷𝐷𝑚𝑚 = [𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾]𝐷𝐷𝑖𝑖[1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)]      [6.38] [4𝐵𝐵𝑀𝑀𝐵𝐵𝑑𝑑𝑒𝑒𝑑𝑑𝑐𝑐𝑝𝑝𝐸𝐸 − 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓] 
𝐷𝐷𝑚𝑚[1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)] = [𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾]𝐷𝐷𝑖𝑖     [6.39] 
𝐷𝐷𝑚𝑚 − 𝐷𝐷𝑚𝑚𝐸𝐸(1 + 𝛾𝛾) + 𝐷𝐷𝑚𝑚𝐸𝐸(1 + 𝛾𝛾)𝑓𝑓 = 𝑓𝑓(1 + 𝛾𝛾)𝐷𝐷𝑖𝑖 − 𝛾𝛾𝐷𝐷𝑖𝑖    [6.40] 
𝐷𝐷𝑚𝑚𝐸𝐸(1 + 𝛾𝛾)𝑓𝑓 − 𝑓𝑓(1 + 𝛾𝛾)𝐷𝐷𝑖𝑖 = 𝐷𝐷𝑚𝑚𝐸𝐸(1 + 𝛾𝛾) − 𝐷𝐷𝑚𝑚 − 𝛾𝛾𝐷𝐷𝑖𝑖    [6.41] 
𝑓𝑓(𝐷𝐷𝑚𝑚𝐸𝐸(1 + 𝛾𝛾) − (1 + 𝛾𝛾)𝐷𝐷𝑖𝑖) = 𝐷𝐷𝑚𝑚(𝐸𝐸(1 + 𝛾𝛾) − 1) − 𝛾𝛾𝐷𝐷𝑖𝑖     [6.42] 
𝑓𝑓(1 + 𝛾𝛾)(𝐷𝐷𝑚𝑚𝐸𝐸 − 𝐷𝐷𝑖𝑖) = 𝐷𝐷𝑚𝑚(𝐸𝐸(1 + 𝛾𝛾) − 1) − 𝛾𝛾𝐷𝐷𝑖𝑖    [6.43] 
𝑓𝑓(1 + 𝛾𝛾)(𝐷𝐷𝑖𝑖 − 𝐷𝐷𝑚𝑚𝐸𝐸) = 𝐷𝐷𝑚𝑚�1 − 𝐸𝐸(1 + 𝛾𝛾)� + 𝛾𝛾𝐷𝐷𝑖𝑖     [6.44] 
𝑓𝑓 = 𝐷𝐷𝑚𝑚�1 − 𝐸𝐸(1 + 𝛾𝛾)� + 𝛾𝛾𝐷𝐷𝑖𝑖(1 + 𝛾𝛾)(𝐷𝐷𝑖𝑖 − 𝐷𝐷𝑚𝑚𝐸𝐸)         [6.45] [4𝐵𝐵𝑀𝑀𝐵𝐵𝑑𝑑𝑒𝑒𝑑𝑑𝑐𝑐𝑝𝑝𝐸𝐸 − 𝑓𝑓. 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓] 
In section 3 the conservative 4BMB-detf.terr.ref equation [3.43] was used to compute the 
maximum fraction of impactor silicates that would be undetectable in the Moon given a 
detection limit (ΔDdet) for a hypothetical impactor (see application to Wiechert and Halliday’s 
Δ170 dataset).  The 4BMBejecta-f.terr.ref equation [3.43] can be modified to compute the 
maximum undetectable fraction (fmax ) based on a detectable limit (ΔDdet) as follows: 
𝛥𝛥𝐷𝐷𝑑𝑑𝑑𝑑𝑇𝑇 ≡ (𝐷𝐷𝑚𝑚 − 𝐷𝐷𝐸𝐸) = (𝐷𝐷𝑚𝑚 − 0) = 𝐷𝐷𝑚𝑚     [6.46] 
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 where fmax will now be: 
𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 = 𝛥𝛥𝐷𝐷𝑑𝑑𝑑𝑑𝑇𝑇�1 − 𝐸𝐸(1 + 𝛾𝛾)� + 𝛾𝛾𝐷𝐷𝑖𝑖(1 + 𝛾𝛾)(𝐷𝐷𝑖𝑖 − 𝐸𝐸𝛥𝛥𝐷𝐷𝑑𝑑𝑑𝑑𝑇𝑇)        [6.47] [4𝐵𝐵𝑀𝑀𝐵𝐵𝑑𝑑𝑒𝑒𝑑𝑑𝑐𝑐𝑝𝑝𝐸𝐸 − 𝐴𝐴𝑑𝑑𝑝𝑝𝑓𝑓. 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓] 
Setting n = 0 here yields the 4BMB-detf.terr.ref equation [3.43] discussed in Section 3. 
𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 = 𝛥𝛥𝐷𝐷𝑑𝑑𝑑𝑑𝑇𝑇 + 𝛾𝛾𝐷𝐷𝑖𝑖(1 + 𝛾𝛾)𝐷𝐷𝑖𝑖         [6.48] [4𝐵𝐵𝑀𝑀𝐵𝐵 − 𝐴𝐴𝑑𝑑𝑝𝑝𝑓𝑓. 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓] 
The 4BMB.ejecta-detf.terr.ref equation [6.48] can be used to re-compute the maximum faction 
of a canonic Mars-like impactor that would not have been detectable by the methods employed 
by Wiechert and Halliday for Δ17O over a range of impact ratios (γ) and fractions of ejected mass 
(n).  Using Wiechert and Halliday’s 2001 data (Δ17OMars = 0.32‰ and ΔDdet = 0.016‰) the first 
row of Table 6-3 which assumes 100% accretion 
efficiency is in full agreement with the values listed 
in Table 3-5.  Reviewing Table 6-3 it can be  seen that 
as the fraction of ejecta (n) increases the maximum 
fraction of impactor in the Moon that would not be 
detectable by Wiechert and Halliday’s methods 
decreases, albeit slightly.  In effect n reduces γ but 
the reduction of fmax is not direct however in that the 
detectable fraction is also related to ΔDdet. The 
change in fmax here is minor since ΔDdet is some 
twenty times smaller in comparison with Di (0.016 
vs. 0.32). This results in the maximum fraction being 
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only slightly higher than γ itself. As n increases from 0 to 10% it can be seen that fmax decreases 
by less than half a percent. Using a conservative ejected fraction of n = 5% the change in fmax is 
less than 0.2% using Wiechert and Halliday’s data making the ejecta effect in this case quite small. 
 The effect on the slope of Dm is more complex in that the value of γSi-esc is itself a function 
of f which gives the mixing line a slight curvature.  Figure 6-6 plots the lunar Dm values over the 
full range of impactor fractions (0% to 100%) where it can be seen that the slope varies slightly 
with f.  Rewriting equation [6.47]; 
𝐷𝐷𝑚𝑚 = 𝐷𝐷𝑖𝑖𝑓𝑓 + 𝐷𝐷𝑖𝑖𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐𝑓𝑓 − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐𝐷𝐷𝑖𝑖    [6.49] 
𝐷𝐷𝑚𝑚 = 𝐷𝐷𝑖𝑖𝑓𝑓 − (1 − 𝑓𝑓)𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐𝐷𝐷𝑖𝑖    [6.50] 
it can be seen that for small values of f, the (γSi-esc Di) term dominates [6.49] which represents the 
proto-Earth isotope value Dp.  For large values of f the (1-f) term in [6.50] approaches zero (it is 
also multiplied by γSi-esc which is typically small) and the Di f term dominates.  At the limit where 
f = 1; Dm necessarily equals Di since such a Moon would be comprised entirely of impactor 
material.  This value represents an “anchor point” for the Dm line in that a Moon made 
predominantly of impactor material must have isotope values which are similar to that of the 
impactor thus minimizing the effect of inefficient accretion on Dm for high lunar fractions.  It is 
important to note that in general inefficient accretion has a relatively small effect on Dm and that 
the slope does not change dramatically. 
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Figure 6-7 shows a spectra of impactors with mass ratios from 0.1 to 0.5 with different 
ejected fractions of 0%, 5% and 10% over the full range of impactor mass fractions.  For large 
impactor fractions not only does the role of inefficient accretion become less significant, the 
particular value of γ itself plays a lesser role since Dm is approaching the impactor isotope anchor 
point at Di.   
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In general for large lunar impactor fractions or for small lunar fractions which are close to 
γc the sensitivity of the Moon’s isotopic values to inefficient accretion and escaping mass 
becomes less significant, for values of f which are midway between γc and 1 the effect of 
inefficient accretion is slightly more significant.  
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Section 7 
 
A Comprehensive Mass Balance approach to impact isotope 
analytics when determining the provenance of the Moon 
forming impactor 
 
Since the actual composition of the Moon forming impactor is unknown deviating from 
the canonic model (an impactor of 
approximately 12% of the mass of the Earth 
merging with 100% accretion efficiency with a 
proto-Earth each having a differentiated and 
homologous anatomy similar to the Earth’s 30% 
iron and 70% silicates) may greatly affect the 
efficacy of impact isotope analytics when used 
to determine the provenance of the impactor 
using lunar and terrestrial isotope data and SPH 
modeling data.  The development of a 
comprehensive mass balance approach to 
impact isotope analytics, one which has the ability to incorporate changes to the anatomy of the 
impactor and to account for less than 100% accretion efficiency, represents a radical 
improvement in the ability to compute probable isotope values for a Moon forming impactor. 
Through careful mathematical modeling of a four body system, two colliding objects 
(proto-Earth and impactor) forming two different objects (Earth and Moon), the 4 Body Mass 
Balance (4BMB) equation [3.16] was developed: 
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𝐷𝐷𝑚𝑚 = (1 − 𝑓𝑓)(1 + 𝛾𝛾)𝐷𝐷𝐸𝐸 + (𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾)𝐷𝐷𝑖𝑖    [7.1]  [4𝐵𝐵𝑀𝑀𝐵𝐵] 
The 4BMB equation can be used to determine the resulting isotope value of the Moon (Dm) given 
a hypothetical impactor isotope value (Di) and size (γ) as a function of the fraction of impactor 
material which resides with the Moon (f).  The 4BMB equation takes into account changes in the 
proto-Earth’s isotope value when it merges with the impactor to yield the Earth final isotope 
value (DE) and is suitable for canonic impact events. 
Deviations in the anatomy of the impactor from the canonic scenario demand specific 
modifications to the mass balance equations which are used to analyze lunar isotope data and 
the 4BMB equation [3.16] represents an oversimplification of the mass balance relationships.  
Three particular areas of concern have 
been identified; non-homologous 
impactor iron-core sizes, the addition 
of ice on the impactor and inefficient 
merging scenarios.  What follows is an 
overview of a process with which to 
modify the 4BMB equation to 
incorporate these non-canonic 
heterogeneities through careful 
modification of the reservoir mass impact ratio (γ);  
𝛾𝛾 ≡
𝑀𝑀𝑖𝑖
𝑀𝑀𝑝𝑝
    [7.2] 
and the lunar impactor fraction (f) which represents the mass fraction of impactor reservoir mass 
which forms the Moon, 
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𝑓𝑓 ≡
𝐴𝐴𝑖𝑖
𝐴𝐴𝑖𝑖 + 𝐴𝐴𝑝𝑝     [7.3] 
terms as they are used in the 4BMB equation.  Here Mi is the impactors unmodified reservoir 
mass, Mp the proto-Earth reservoir mass, mi the ejected impactor reservoir mass and mp the 
ejected proto-Earth reservoir mass residing in the post-impact circumterrestrial-disk or Moon.  In 
all cases the bulk mass of the impactor being analyzed remains constant while its constituent 
fractions change. 
 
Iron Core effects. 
To account for an impactor having a non-homologous iron core fraction (F’Fe-core), that is, 
one which differs from the value assigned to the proto-Earth, and consequently a different bulk 
silicate reservoir fraction, the core modified fractional change in the silicate mass (cSi-core) should 
first be computed using:  
𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = �𝐹𝐹𝑖𝑖𝑑𝑑 − 𝐹𝐹′𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑1 − 𝐹𝐹𝑖𝑖𝑑𝑑 �         [7.4] [𝐴𝐴𝐸𝐸𝑝𝑝𝐸𝐸 𝑐𝑐𝑝𝑝𝐸𝐸𝑑𝑑 𝑝𝑝𝑝𝑝 𝑐𝑐 − 𝑝𝑝𝐴𝐴 𝑐𝑐𝑝𝑝𝐸𝐸𝑐𝑐𝑑𝑑𝐸𝐸𝑝𝑝𝑑𝑑𝐸𝐸] 
Where FFe is the impactors unmodified homologous iron fraction which by the methods of this 
paper is the same as the fraction of iron assigned to the proto-Earth (often the canonic value of 
30%).  The cSi-core value can then be used to find the effective core modified silicate mass ratio: 
𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 =  𝛾𝛾(1 + 𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑)        [7.5] [𝑝𝑝𝐴𝐴𝑠𝑠𝐴𝐴𝑐𝑐𝐸𝐸𝑝𝑝𝑑𝑑 𝐴𝐴𝐸𝐸𝑝𝑝𝑝𝑝 𝐸𝐸𝐸𝐸𝑝𝑝𝐴𝐴𝑝𝑝 − 𝑐𝑐𝑝𝑝𝐸𝐸𝑑𝑑] 
This modified value can be directly substituted for γ in the 4BMB equation when working 
with lithophile isotope values.  Moderate alterations to the iron core fraction should not directly 
affect the fraction of impactor silicates which form the Moon and therefore f should not be 
modified. 
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If the isotopes of concern are siderophile the core modified iron mass ratio (γFe-core) can 
be computed using the core modified fractional change in the iron mass (cFe-core) and directly 
substituted into the 4BMB equation in a similar manner. 
𝑐𝑐𝑖𝑖𝑑𝑑−core = 𝐹𝐹′𝑖𝑖𝑑𝑑−core𝐹𝐹𝑖𝑖𝑑𝑑 − 1      [7.6] [𝐴𝐴𝐸𝐸𝑝𝑝𝐸𝐸 𝑐𝑐𝑝𝑝𝐸𝐸𝑑𝑑 𝑐𝑐𝑖𝑖𝑑𝑑 𝑐𝑐𝑝𝑝𝐸𝐸𝑐𝑐𝑑𝑑𝐸𝐸𝑝𝑝𝑑𝑑𝐸𝐸] 
𝛾𝛾𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 =  𝛾𝛾(1 + 𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑)        [7.7] [𝐴𝐴𝐸𝐸𝑝𝑝𝐸𝐸 𝐴𝐴𝐸𝐸𝑝𝑝𝑝𝑝 𝐸𝐸𝐸𝐸𝑝𝑝𝐴𝐴𝑝𝑝 − 𝑐𝑐𝑝𝑝𝐸𝐸𝑑𝑑] 
 
Ice effects. 
 As some fraction of impactor silicates are replaced with ice (cice) both the silicate mass 
ratio and the fraction of the Moon’s silicates derived from the impactor must be modified.  Using 
the total fraction of ice (Fice) on the impactor the value for cice can be computed using the 
homologous proto-Earth fraction of silicates (FSi) or iron (FFe): 
𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑 ≡
𝐹𝐹𝑖𝑖𝑐𝑐𝑑𝑑
𝐹𝐹𝑆𝑆𝑖𝑖
 𝑝𝑝𝐸𝐸 𝐹𝐹𝑖𝑖𝑐𝑐𝑑𝑑1 − 𝐹𝐹𝑖𝑖𝑑𝑑     [7.8] 
The ice modified values for γSi-ice and fice once computed using [7.9] and [7.10] can be directly 
substituted into the 4BMB equation. 
𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑 = 𝛾𝛾(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)          [7.9]  [𝑝𝑝𝐴𝐴𝑠𝑠𝐴𝐴𝑐𝑐𝐸𝐸𝑝𝑝𝑑𝑑 𝐴𝐴𝐸𝐸𝑝𝑝𝑝𝑝 𝐸𝐸𝐸𝐸𝑝𝑝𝐴𝐴𝑝𝑝 − 𝐴𝐴𝑐𝑐𝑑𝑑] 
𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑 =  𝑓𝑓(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓           [7.10] [𝑠𝑠𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐴𝐴𝐴𝐴𝑝𝑝 𝑓𝑓𝐸𝐸𝐸𝐸𝑐𝑐𝑝𝑝𝐴𝐴𝑝𝑝𝐸𝐸 − 𝐴𝐴𝑐𝑐𝑑𝑑] 
Note that fice is itself a function of f and it must therefore be iteratively computed if f is used as a 
variable, such as when making Dm vs. f plots.  By the methods of this analysis the iron core fraction 
is unchanged and remains homologous with the proto-Earth’s core as only silicates are replaced 
with ice. 
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The silicate mass of the theoretical Moon which forms (in comparison with non-ice SPH 
collision model results) will be reduced due the reduction of impactor silicate material in the disk 
which was replaced with ice as follows:  
∆𝑀𝑀𝑝𝑝𝑝𝑝𝐸𝐸 = −𝑓𝑓𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑     [7.11] 
The reduction in the mass of such a Moon will correspond to a reduction in the total angular 
momentum (ΔLEM) of the hypothetical non-ice Earth-Moon system which forms as follows: 
∆𝐿𝐿𝐸𝐸𝑀𝑀 = −𝑓𝑓𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑(0.8)     [7.12] 
 
Combining the iron and ice modifications. 
Assuming a constant mass for the impactor any increase in the iron core fraction or the 
incorporation of ice on the impactor will necessarily reduce the quantity of impactor silicate mass 
which is available to merge with the proto-Earth and to form the Moon.  The reduction of the 
original impactor bulk silicate mass (dMiSi-core) due to an increase in the iron core mass  (dMiFe-core) 
is represented by the region beyond the dashed line inside the modified core of Figure 7-2 and 
can be determined using equations [4.23] and [4.31] to find the computed value for cSi-core as 
follows: 
𝐴𝐴𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 =  − d𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑      [7.13] 
𝐴𝐴𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = −𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖        [7.14] 
Combining these yields: 
𝐴𝐴𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = 𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖     [7.15]  
The decrease of impactor bulk silicate mass being replaced by ice (dMiSi-ice) can be described by: d𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑 = 𝑀𝑀𝑖𝑖𝑐𝑐𝑑𝑑 =  𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖    [7.16] 
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The value for cice should be computed using the initial proto-Earth homologous bulk fraction of 
silicates or iron: 
𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑 ≡
𝐹𝐹𝑖𝑖𝑐𝑐𝑑𝑑
𝐹𝐹𝑆𝑆𝑖𝑖
 𝑝𝑝𝐸𝐸 𝐹𝐹𝑖𝑖𝑐𝑐𝑑𝑑1 − 𝐹𝐹𝑖𝑖𝑑𝑑     [7.17] 
Recognizing that increasing the mass of iron and ice necessitates a decrease in the mass of 
silicates the resulting core-and-ice modified bulk silicate mass of the impactor (M’’iSi-ci) can be 
identified as: 
𝑀𝑀′′𝑖𝑖𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖 ≡ 𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 − 𝐴𝐴𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 − 𝑀𝑀𝑖𝑖𝑐𝑐𝑑𝑑    [7.18] 
Defining γSi-ci to be the comprehensive bulk silicate mass ratio modified for core-and-ice the 
following can be stated: 
𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖 ≡
𝑀𝑀′′𝑖𝑖𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖
𝑀𝑀𝑝𝑝𝑆𝑆𝑖𝑖
=  𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 − 𝐴𝐴𝑀𝑀𝑖𝑖𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 − 𝑀𝑀𝐴𝐴𝑖𝑖𝑐𝑐𝑑𝑑
𝑀𝑀𝑝𝑝𝑆𝑆𝑖𝑖
= 𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 + 𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖
𝑀𝑀𝑝𝑝𝑆𝑆𝑖𝑖
=  𝑀𝑀𝑖𝑖𝑆𝑆𝑖𝑖(1 + 𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)
𝑀𝑀𝑝𝑝𝑆𝑆𝑖𝑖
     [7.19] 
𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖 ≡  𝛾𝛾(1 + 𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)      [7.20][𝑝𝑝𝐴𝐴𝑠𝑠𝐴𝐴𝑐𝑐𝐸𝐸𝑝𝑝𝑑𝑑 𝐴𝐴𝐸𝐸𝑝𝑝𝑝𝑝 𝐸𝐸𝐸𝐸𝑝𝑝𝐴𝐴𝑝𝑝 − 𝑐𝑐𝑝𝑝𝐸𝐸𝑑𝑑&𝐴𝐴𝑐𝑐𝑑𝑑] 
The resulting bulk fraction of impactor silicates should be checked to ensure that some 
reasonable mass of silicates remain on the impactor. A γSi-ci of zero indicates that all of the 
silicates have been replaced with iron and ice.  It is not reasonable for γSi-ci to be negative. Use 
care when cSi-core is negative (larger cores) in that it will be a subtractive term.  The final non-ice 
iron to silicate ratio should be some reasonable value, typically in the range of 30% iron and 70% 
silicates which is characteristic of canonic non-ice planetesimals (a balanced impactor).  Solar 
System accretion simulations indicate that impactor sized planetesimals would exhibit a range of 
non-ice silicate fractions between 55% and 80% (Dwyer et al., 2015), constraining the limits of a 
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balanced impactor.  Given the modified iron fraction (F’Fe) and ice fraction (Fice) the modified non-
ice fraction of the impactor which is iron (F’Fe-non-ice) can be found as follows: 
𝐹𝐹′𝑖𝑖𝑑𝑑−𝑛𝑛𝑇𝑇𝑛𝑛−𝑖𝑖𝑐𝑐𝑑𝑑 ≡
𝑀𝑀′𝑖𝑖𝑖𝑖𝑑𝑑
𝑀𝑀𝑖𝑖 − 𝑀𝑀𝑖𝑖𝑐𝑐𝑑𝑑
=  𝐹𝐹′𝑖𝑖𝑑𝑑 𝑀𝑀𝑖𝑖
𝑀𝑀𝑖𝑖(1 − 𝐹𝐹𝑖𝑖𝑐𝑐𝑑𝑑)    [7.21] 
𝐹𝐹′𝑖𝑖𝑑𝑑−𝑛𝑛𝑇𝑇𝑛𝑛−𝑖𝑖𝑐𝑐𝑑𝑑 =  𝐹𝐹′𝑖𝑖𝑑𝑑 (1 − 𝐹𝐹𝑖𝑖𝑐𝑐𝑑𝑑)    [7.22] 
For example; an impactor having a 20% iron core and a 30% ice layer will have a bulk silicate 
fraction of 50% (1 – 0.2 – 0.3 = 0.5) and a resulting non-ice iron fraction of 29%;  
𝐹𝐹′𝑖𝑖𝑑𝑑−𝑛𝑛𝑇𝑇𝑛𝑛−𝑖𝑖𝑐𝑐𝑑𝑑 = 𝐹𝐹′𝑖𝑖𝑑𝑑 (1 − 𝐹𝐹𝑖𝑖𝑐𝑐𝑑𝑑) = 0.201 − 0.3 = 0.200.7 = 0.286    [7.23] 
which corresponds to a non-ice silicate fraction (F’Si-non-ice) of 71%; 
𝐹𝐹′𝑆𝑆𝑖𝑖−𝑛𝑛𝑇𝑇𝑛𝑛−𝑖𝑖𝑐𝑐𝑑𝑑 = 1 − 𝐹𝐹′𝑖𝑖𝑑𝑑−𝑛𝑛𝑇𝑇𝑛𝑛−𝑖𝑖𝑐𝑐𝑑𝑑  = 0.714    [7.24] 
This is a balanced impactor. 
To pre-determine the F’Fe value which will form a balanced Icy Impactor, that is one having 
some desired non-ice iron fraction (F’Fe-non-ice) the following may be used: 
𝐹𝐹′𝑖𝑖𝑑𝑑 = 𝐹𝐹′𝑖𝑖𝑑𝑑−𝑛𝑛𝑇𝑇𝑛𝑛−𝑖𝑖𝑐𝑐𝑑𝑑(1 − 𝐹𝐹𝑖𝑖𝑐𝑐𝑑𝑑)    [7.25] 
The incorporation of ice also affects the lunar impactor silicate fraction while core 
changes do not, as such, the fraction of impactor silicates in the Moon should be modified for 
ice: 
𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑 =  𝑓𝑓(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓            [7.26][𝑠𝑠𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐴𝐴𝐴𝐴𝑝𝑝 𝑓𝑓𝐸𝐸𝐸𝐸𝑐𝑐𝑝𝑝𝐴𝐴𝑝𝑝𝐸𝐸 − 𝐴𝐴𝑐𝑐𝑑𝑑] 
Note that fice is itself a function of f and it must therefore be iteratively calculated when using f 
as a variable.  The values for γSi-ci and fice once computed can be directly substituted into the 
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4BMB relationship. The mass of the theoretical Moon as well as the Earth-Moon angular 
momentum will decrease compared with non-ice simulations as detailed in the ice section. 
If the isotopes of concern are siderophile the modified iron mass ratio (γFe-core) can be 
computed using the fractional change in the iron (cFe-core) and directly substituted into the 4BMB 
equation with no changes to f. 
𝑐𝑐𝑖𝑖𝑑𝑑−core = 𝐹𝐹′𝑖𝑖𝑑𝑑−core𝐹𝐹𝑖𝑖𝑑𝑑 − 1      [7.27] [𝐴𝐴𝐸𝐸𝑝𝑝𝐸𝐸 𝑐𝑐𝑝𝑝𝐸𝐸𝑑𝑑 𝑐𝑐𝑖𝑖𝑑𝑑 𝑐𝑐𝑝𝑝𝐸𝐸𝑐𝑐𝑑𝑑𝐸𝐸𝑝𝑝𝑑𝑑𝐸𝐸] 
𝛾𝛾𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 =  𝛾𝛾(1 + 𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑)        [7.28] [𝐴𝐴𝐸𝐸𝑝𝑝𝐸𝐸 𝐴𝐴𝐸𝐸𝑝𝑝𝑝𝑝 𝐸𝐸𝐸𝐸𝑝𝑝𝐴𝐴𝑝𝑝 − 𝑐𝑐𝑝𝑝𝐸𝐸𝑑𝑑] 
 
Inefficient accretion. 
The majority of SPH collision simulations indicate that typically less than 0.2% of the total system 
mass escapes from the Earth-Moon system during the impact event.  Given that the Moon 
represents approximately 1.3% of the systems mass about 98% of the proto-Earth and impactor 
mass will be available to form the Earth.  At first glance overlooking the relatively small 
percentage of total system mass which is ejected (n ~ 2%) might seem inconsequential however, 
particularly in the case of small impactors with impactor mass fractions (f) which are midway 
between γc and 1, this research has shown that it may play a role. The following process accounts 
for the inefficient accretion of mass which forms the Earth.  
Once the core-and-ice γSi-ci and fice terms have been calculated, the comprehensive silicate 
mass ratio (γSi-cie) may be computed to also account for escaping mass using equation [6.30] with 
the appropriate substitutions: 
𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑 = 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖 − 𝐸𝐸𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖)1 − 𝐸𝐸(1 − 𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑)(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖)        [7.29] [𝑐𝑐𝑝𝑝𝐴𝐴𝑝𝑝𝐸𝐸𝑑𝑑ℎ𝑑𝑑𝐸𝐸𝑝𝑝𝐴𝐴𝑐𝑐𝑑𝑑 𝐴𝐴𝐸𝐸𝑝𝑝𝑝𝑝 𝐸𝐸𝐸𝐸𝑝𝑝𝐴𝐴𝑝𝑝 𝑤𝑤𝐴𝐴𝑝𝑝ℎ 𝑑𝑑𝑒𝑒𝑑𝑑𝑐𝑐𝑝𝑝𝐸𝐸] 
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Note that the comprehensive core-ice-ejecta silicate mass ratio γSi-cie is a function of fice (or f if 
there is no ice) and it therefore must be iteratively computed when using fice or f as a variable. 
The Comprehensive 4BMB Mass Balance Equation 
The final values for γSi-cie and fice once computed can be directly substituted into the 4BMB 
equation yielding a comprehensive mass balance relationship [Comp. 4BMB], one which 
incorporates non-homologous iron core fractions, the addition of ice onto the impactor and can 
account for inefficient accretion. 
𝐷𝐷𝑚𝑚 = (1 − 𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑)(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑)𝐷𝐷𝐸𝐸 + (𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑) − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑)𝐷𝐷𝑖𝑖    [7.30] [𝐶𝐶𝑝𝑝𝐴𝐴𝑝𝑝. 4𝐵𝐵𝑀𝑀𝐵𝐵] 
In the case of isotope schematics which use terrestrial samples as a standard reference the 
comprehensive 4BMB equation reduces to: 
𝐷𝐷𝑚𝑚 = (𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑) − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑)𝐷𝐷𝑖𝑖      [7.31] [𝐶𝐶𝑝𝑝𝐴𝐴𝑝𝑝. 4𝐵𝐵𝑀𝑀𝐵𝐵. 𝑐𝑐𝑝𝑝𝐸𝐸𝑑𝑑 𝑝𝑝𝑑𝑑𝐸𝐸𝐸𝐸. 𝐸𝐸𝑑𝑑𝑓𝑓] 
 
 
Application:   
The effect of differing impactor mass ratios, iron core fractions, ice fractions and 
inefficient accretion on lunar isotope values can be computed using the comprehensive 4BMB.  
Figure 7-3 depicts a set of mixing lines which represent the resulting lunar Δ17O (Dm) for a Mars-
like impactor (Δ17O = 0.32‰) having a mass ratio γ = 0.1 for different lunar mass fractions of 
impactor (f).  The intersection of the 4BMB impactor line (representing a canonic impactor with 
30% iron and 70% silicates) with the upper horizontal dashed line (Wiechert and Halliday’s 2σ 
uncertainly of 0.016‰) shows a maximum undetectable fraction of 13.7%.  Reducing the 
impactors iron core to 20% (resulting in a silicate fraction of 80%) shows the detectable fraction 
increasing to 14.8% (core line).  If instead an ice layer representing 30% of the impactors mass 
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(resulting in a core fraction of 30% and silicate fraction of 40%) were incorporated the detectable 
fraction is 16.8% (ice line).  Combining a 20% iron fraction with a 30% ice layer yielding a bulk 
silicate fraction of 50% will result in a maximum undetectable fraction of 17.5% (core & ice line).  
If 5% of the systems mass were ejected to the disk and to space the maximum detectable fraction 
for the core-and-ice modified impactor drops by 0.5% to 17% (core & ice with ejecta line).  The 
computed values for the modified mass ratios were: γ = 0.10; γSi-core = 0.114; γSi-ice = 0.057; γSi-ci = 
0.075, γSi-cie varied from 0.079 to 0.066, fice for ice-only varied from (0 to 19.7%) while fice for the 
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combined core-ice-ejecta scenario varied from (0% to 21.1%) over a range of f = 0% to 30% 
respectively.  
Figure 7- 4 incorporates the same core, ice and ejecta modifications used to develop 
Figure 7-3 instead applied to an impactor having 20% of the mass of the proto-Earth.  Comparing 
figures 7-3 and 7-4 it is readily apparent that doubling the mass of the impactor nearly doubles 
the detectable fractions.  The canonic 4BMB 2σ detectable fraction is now 21%, the iron core 
detectable fraction is 23%, the ice detectable fraction is 23.5% and the combined iron-and-ice 
detectable fraction reaches 25.5% with a reduction to 25% with the inclusion of inefficient 
accretion.   The values for the mass ratios were: γ = 0.20; γSi-core = 0.229; γSi-ice = 0.114; γSi-ci = 0.150, 
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γSi-cie varied from 0.159 to 0.144, fice for ice-only varied from (0 to 19.7%) while fice for the 
combined scenario varied from (0% to 21.1%) over a range of f = 0% to 30% respectively. 
The hypothetical icy-impactors posited in Figures 7-3 and 7-4 each have non-ice bulk 
silicate fractions of 71% representing balanced impactors. 
Plotting the predicted lunar isotope values for this same set of impactor scenarios over 
the full range of lunar fractions (f = 0% to 100%) it can be seen that all of the scenarios converge 
on the impactors isotope value at f = 100%, (Figure 7-5).  This so-called “anchor point” is a 
necessary requirement in that such a Moon would consist entirely of impactor material.  As such, 
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at very high lunar fractions the sensitivity to any of the different impactor anatomies is reduced.  
Comparing the canonic 4BMB line with the core line it can be seen that decreasing the iron core 
fraction to 20% (a decrease of 33%) has only a subtle effect on the lunar isotope values, 
particularly at higher lunar fractions. The incorporation of 30% ice has a pronounced effect 
particularly for larger lunar fractions.  For lunar fractions in the 70% to 90% range, typical for 
many SPH simulations, (represented by the vertical dashed lines) the incorporation of ice is 
significant while changes to the iron core and inefficient merging are far less significant. 
Figure 7-6 depicts the same scenario of hypothetical compositions instead applied to an 
impactor having twice the mass, γ = 0.2.  Again changing the fraction of iron in the core or 
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accounting for inefficient accretion has a minimal effect on the lunar isotope values while the 
incorporation of ice is the more dominant parameter. 
Applying the comprehensive 4BMB equation to Zhang et al., 2012 titanium study over the 
same set of impactor compositions yields the lunar ε50Ti  mixing lines depicted in Figure 7-7.  
Using the largest 2σ standard error lunar ε50Ti value found by Zhang of -0.03 ± 0.04ε = -0.07ε 
(represented buy the horizontal dot-dashed Moon line) and a ε50Ti terrestrial value of DE = 0ε the 
following maximum undetectable fractions were obtained: canonic 4BMB of 17%, modified 20% 
iron core of 18%, while the ice, core-ice and core-ice-ejecta have similar undetectable fractions 
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of about 22%.   The values for the computed impact mass ratios were: γ = 0.10; γSi-core = 0.114; γSi-
ice = 0.057; γSi-ci = 0.075, γSi-cie varied from 0.079 to 0.021. 
Figure 7-8 depicts the ε50Ti lunar values for a larger impactor for the same set of 
compositional parameters as Figure 7-7 with similar findings.  Here the maximum undetectable 
fractions obtained were: canonic 4BMB of 24%, modified iron core of 26%, the ice, core-ice and 
core-ice-ejecta have similar undetectable fractions of about 29%, in opposition to the 8.8% 
maximum fraction stated by Zhang.   The values for the computed mass ratios were: γ = 0.20; γSi-
core = 0.229; γSi-ice = 0.114; γSi-ci = 0.150, γSi-cie varied from 0.159 to 0.093. The application of the 
comprehensive 4BMB relationship to the titanium study again indicates that modifications to the 
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core of the impactor have a subtle effect on the canonic isotope values, particularly at higher 
lunar fractions, while the incorporation of ice is a dominant parameter. 
The comprehensive 4BMB relationships when applied to oxygen and titanium lunar and 
terrestrial datasets indicate that changing the size of the impactor’s iron core or the incorporation 
of inefficient accretion has a minimal effect on predicting the Moon’s resulting isotope values 
when compared to the values found from the canonic scenario for a given sized impactor and 
that the addition of an ice layer is a dominant compositional factor.  For moderate lunar fractions 
the mass of the impactor has a significant effect on the resulting lunar values, however, at very 
high lunar fractions (f > 90%) all of the models converge on the impactor’s isotope anchor point 
and the sensitivity to any of the compositional parameters is greatly reduced.  
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Section 8 
 
Comprehensive 4BMB impact isotope analytics to compute 
potential isotopic values of a Moon forming impactor given 
lunar and terrestrial data 
 
When combining isotopic data from terrestrial and lunar samples with physical data 
from high resolution SPH computer simulations the comprehensive 4BMB equations can be 
used to compute potential isotopic 
profiles for the Moon forming impactor 
based on different impactor compositions.  
The majority of Moon forming impact 
models incorporate an impactor which 
has a canonic composition (a 30% iron 
core and a 70% silicate mantle merging 
with 100% accretion efficiency with a 
homologous proto-Earth), an assumption 
which greatly affects the efficacy of 
impact isotope analytics particularly when used to determine the potential isotopic signature of 
the impactor.  For canonic scenarios the 4BMB equation [3.16] may be solved for the impactor 
value (Di) and used to determine an envelope of potential isotope values for the impactor 
based on the Earth (DE) and the Moon’s (Dm) measured isotopic values. 
𝐷𝐷𝑚𝑚 = (1 − 𝑓𝑓)(1 + 𝛾𝛾)𝐷𝐷𝐸𝐸 + (𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾)𝐷𝐷𝑖𝑖     [8.1][4𝐵𝐵𝑀𝑀𝐵𝐵] 
𝐷𝐷𝑚𝑚 − (1 − 𝑓𝑓)(1 + 𝛾𝛾)𝐷𝐷𝐸𝐸 = (𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾)𝐷𝐷𝑖𝑖     [8.2] 
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𝐷𝐷𝑖𝑖 =  𝐷𝐷𝑚𝑚 − (1 − 𝑓𝑓)(1 + 𝛾𝛾)𝐷𝐷𝐸𝐸(𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾)            [8.3][ 𝐴𝐴𝐴𝐴𝑝𝑝𝐸𝐸𝑐𝑐𝑝𝑝𝑝𝑝𝐸𝐸 4𝐵𝐵𝑀𝑀𝐵𝐵] 
For non-canonic scenarios the comprehensive 4BMB equation [7.29] can be solved for Di 
and used to predict potential impactor isotope values for impactors having non-homologous 
iron core fractions, a layer of ice, or which underwent inefficient merging (review Section 7 for 
the computation of γSi-cie and fice). 
𝐷𝐷𝑚𝑚 = (1 − 𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑)(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑)𝐷𝐷𝐸𝐸 + (𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑) − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑)𝐷𝐷𝑖𝑖       [8.4] [𝑐𝑐𝑝𝑝𝐴𝐴𝑝𝑝. 4𝐵𝐵𝑀𝑀𝐵𝐵] 
𝐷𝐷𝑚𝑚 − (1 − 𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑)(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑)𝐷𝐷𝐸𝐸 = (𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑) − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑)𝐷𝐷𝑖𝑖     [8.5] 
 
𝐷𝐷𝑖𝑖 = 𝐷𝐷𝑚𝑚 − (1 − 𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑)(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑)𝐷𝐷𝐸𝐸(𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑) − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑)         [8.6][𝐴𝐴𝐴𝐴𝑝𝑝𝐸𝐸𝑐𝑐𝑝𝑝𝑝𝑝𝐸𝐸 𝑐𝑐𝑝𝑝𝐴𝐴𝑝𝑝𝐸𝐸𝑑𝑑ℎ𝑑𝑑𝐸𝐸𝑝𝑝𝐴𝐴𝑐𝑐𝑑𝑑4𝐵𝐵𝑀𝑀𝐵𝐵] 
 
Determination of the asymptotic lunar fraction, fa. 
The Di verses f plots will develop a vertical asymptote if the fraction of impactor material 
supplied to the Moon equals the fraction supplied to the Earth.  At this fraction Dm will equal DE 
for any isotope values and the allowed impactor isotope value Di will approach infinity.  The 
asymptotic fraction (fa) varies with differing compositional scenarios but will always occur when 
the Earth and Moon each receive the same fraction of impactor material, as follows: 
Canonic impact events: 
𝑓𝑓𝑚𝑚 = 𝛾𝛾𝑐𝑐    [8.7]  
 
Non-homologous iron cores (refer to equation [4.19]): 
𝑓𝑓𝑚𝑚−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = 𝛾𝛾𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑 = 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑) = � 𝛾𝛾(1 + 𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑)1 + 𝛾𝛾(1 + 𝑐𝑐𝑆𝑆𝑖𝑖−𝑐𝑐𝑇𝑇𝑐𝑐𝑑𝑑)�      [8.8]  
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The core asymptote fraction (fa-core) increases as the iron core fraction decreases. 
 
Icy Impactors (refer to equations [5.4 and 5.13]): 
𝑓𝑓𝑚𝑚−𝑖𝑖𝑐𝑐𝑑𝑑 =  𝛾𝛾𝑐𝑐𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑 = 𝛾𝛾𝑐𝑐      [8.9]  
The ice only asymptote fraction (fa-ice) will not change with differing ice fractions since the loss of 
impactor silicates to the proto-Earth is the same as the silicate fraction lost to the Moon by the 
methods employed in Section 5. 
 
Inefficient accretion (refer to equation [6.34]): 
𝑓𝑓𝑚𝑚−𝑑𝑑𝑒𝑒𝑐𝑐 = 𝛾𝛾𝑐𝑐−𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐 = 𝛾𝛾𝑐𝑐 − 𝑓𝑓𝐸𝐸1 − 𝐸𝐸 =         [8.10] 
Which appears to be a function of n, however, it is also a function of f and the substitution of f 
= γc yields:  
𝑓𝑓𝑚𝑚−𝑑𝑑𝑒𝑒𝑐𝑐 = 𝛾𝛾𝑐𝑐 − 𝛾𝛾𝑐𝑐𝐸𝐸1 − 𝐸𝐸 =   𝛾𝛾𝑐𝑐(1 − 𝐸𝐸)1 − 𝐸𝐸 = 𝛾𝛾𝑐𝑐         [8.11] 
Inefficient accretion will not change the escape asymptotic fraction (fa-esc). 
 
Core and ice modifications: (refer to equation [5.25]): 
For non-homologous changes to the iron core fraction and the addition of ice onto the 
impactor both the lunar fraction (fice) and the core modified impact fraction (γc-Si-cie) are affected.  
Since inefficient accretion does not affect the asymptotic lunar fraction it will be included here 
as well. 
𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑 = 𝛾𝛾𝑐𝑐−𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑        [8.12] 
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𝑓𝑓(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓 = 𝛾𝛾𝑐𝑐−𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑       [8.13] 
   𝑓𝑓(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑) =  𝛾𝛾𝑐𝑐−𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑(1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓)       [8.14] 
    𝑓𝑓(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑) =  𝛾𝛾𝑐𝑐−𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓𝛾𝛾𝑐𝑐−𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑       [8.15] 
    𝑓𝑓−𝑓𝑓𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑 + 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓𝛾𝛾𝑐𝑐−𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑 =  𝛾𝛾𝑐𝑐−𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑      [8.16] 
   𝑓𝑓�1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑(1 − 𝛾𝛾𝑐𝑐−𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑)� = 𝛾𝛾𝑐𝑐−𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑    [8.17] 
𝑓𝑓𝑚𝑚−𝑐𝑐𝑖𝑖𝑑𝑑 = 𝛾𝛾𝑐𝑐−𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑(1 − 𝛾𝛾𝑐𝑐−𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑)     [8.18] 
 The asymptotic core–ice–ejecta modified fraction (fa-cie) incorporates changes to the core, 
the addition of ice, and inefficient accretion.  In fact, equation [8.18] is all encompassing and can 
be used to compute any of the asymptotic fractions identified above. For example setting cice to 
zero yields the core solution.  Alternatively the asymptotic fraction can be solved using the 
comprehensive impact mass ratio (γSi-cie) and equation [1.5] instead, as follows: 
𝑓𝑓𝑚𝑚−𝑐𝑐𝑖𝑖𝑑𝑑 = 𝛾𝛾𝑐𝑐−𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑(1 − 𝛾𝛾𝑐𝑐−𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑) =  � 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑�1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑(1 − � 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑�      [8.19] 
𝑓𝑓𝑚𝑚−𝑐𝑐𝑖𝑖𝑑𝑑 = � 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑�1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑 + �𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑�   [8.20] 
𝑓𝑓𝑚𝑚−𝑐𝑐𝑖𝑖𝑑𝑑 = � 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑� (1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑)(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑)(1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑) + (𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑)     [8.21] 
 
𝑓𝑓𝑚𝑚−𝑐𝑐𝑖𝑖𝑑𝑑 = 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑 + 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑      [8.2] 
𝑓𝑓𝑚𝑚−𝑐𝑐𝑖𝑖𝑑𝑑 = 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑐𝑐𝑖𝑖𝑑𝑑−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑      [8.23] 
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 The value of the asymptotic fraction is useful in that it identifies the lunar fraction where 
Dm equals DE for any of the scenarios discussed.  On Di vs. f plots fa represents the vertical 
asymptote where any values for Dm and DE are possible.  On Dm vs. f plots fa represents the 
intersection of the mixing line with the DE line (which will be the x-axis if DE = 0).  
 
Application: 
In 2001 Wiechert and Halliday measured the Δ17O isotope values for the Earth as (-0.003 ± 
0.017‰, 3σ error of the mean) and the Moon as (+0.003 ± 0.005‰, 3σ error of the mean). 
Using the maximum possible isotopic difference in the data set between the Earth and Moon 
respectively as; DE = -0.003 - 0.017 = -0.020‰ and Dm =0.03 + 0.005 = 0.008‰ an envelope of 
impactor isotope values which would lie within the 3σ uncertainty of Wiechert and Halliday’s 
dataset can be calculated.  The impactor 4BMB equation [8.3] was used to compute the 
detectable isotopic values for a canonic impactor having a mass of 10% of the proto-Earth for 
different lunar impactor mass fractions (Figure 8-2).  The Di line in the figure denotes the 
impactor’s maximum isotope value for a given lunar impactor fraction which would have not 
been detectable at the 3 σ limit defined in Wiechert and Halliday’s study.  The shaded region 
below the Di line depicts the envelope of potential impactor isotope values that would 
theoretically not have been detectable by Wiechert and Halliday.  Most high resolution SPH 
simulations indicate a lunar fraction near f = 0.7 or 70%, represented by the vertical short 
dashed line. The maximum Δ17O isotope value at f = 0.7 is 0.022‰.  The value for Di 
asymptotically approaches the vertical line at f = γc = 9.1% since the denominator in the 
impactor 4BMB equation goes to zero.  At this point the Earth and Moon would each contain 
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the same fraction of impactor material and therefore be isotopically identical for any initial 
values and the allowed impactor isotope value approaches infinity.  The dashed line (Dp) at the 
bottom of the graph represents the inferred proto-Earth isotope value.  The dot-dashed 
horizontal line at the top of the figure represents the Δ17O isotope value for Mars of 0.32‰ and 
intersects Di when f = 17% indicating the maximum fraction of a Mars-like impactor that would 
not be detected (as opposed to the 2% fraction computed by Wiechert and Halliday, 2001).  For 
fractions of f which are lower than γc (a condition which is not supported by simulation data) 
the Di and Dp values switch signs. 
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Using the same 3-σ maximum detectable Δ17O difference values for the Earth and Moon 
the impactor comprehensive 4BMB equation [8.7] was used to generate impactor isotope 
envelope lines for a compilation of hypothetical impactors all having a mass of 10% the proto-
Earth (Figure 8-3).  The canonic (30% iron core) 4BMB line is shown again for reference.  The  
core line represents an impactor which has a 15% iron core, half the canonic size (resulting in a 
large silicate fraction of 85%) and yet shows only a slight increase in the potential isotope 
values.  An impactor which is comprised of 50% ice (ice line) nearly doubles the maximum  
detectable fraction (f) for a given Di value, note that the ice-model has ice replacing silicates 
only which results in an iron core fraction of 30% and an unusually low silicate fraction of 20%.  
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Checking the non-ice silicate and iron fractions for this icy impactor yields 40% silicates and 60% 
iron which represents an unbalanced composition (balanced non-ice silicate fractions for small 
impactors should be between 55% and 80%).  The core & ice line combines iron core changes 
with the addition of ice allowing the silicate fraction to maintain a more realistic relationship 
with the iron core fraction (a balanced impactor).  This is an important modification for 
impactors which may have accreted ice after the formation of a rocky-silicate body.   
The core & ice line here represents an impactor composed of 50% ice, 15% iron and 35% 
silicates and has a balanced non-ice silicate to iron relationship of 70% silicates and 30% iron.  
The incorporation of a 5% ejected disk mass loss to the core & ice line just slightly reduces the 
envelope values.   
Figure 8-4 provides a detailed view of these impactors for lunar factions greater than 
50%.  For a lunar fraction near f = 0.7 or 70% (dashed vertical line) the maximum undetectable 
Δ17O impactor isotope value for the different scenarios is: 0.022‰ (4BMB), 0.022‰ (core), 
0.053‰ (ice), 0.041‰ (core & ice) and 0.039‰ (core & ice & ejecta).  From the figures it is 
readily apparent that at higher lunar fractions even dramatic changes in the size of the iron core 
(in this case a 50% reduction) have only a minimal effect on the impactor isotope values.  The 
inclusion of a 5% loss of mass (a relatively high value since 2% is more typical) indicates that 
inefficient accretion also plays a rather insignificant role.  The incorporation of ice in this case is 
by far the dominant factor. This is not overly surprising given that half of this impactor is ice.  
The ice-only line here is a bit unrealistic in that it represents an iron rich impactor.  The core-
ice-ejecta line is a better representation of a balanced impactor.  
 
 120 
 
 
 
To check the sensitivity of Di to the quantity of ice a similar sized group of potential 
impactors which incorporate a more moderate 15% ice fraction, an iron core fraction of 25% 
and a silicate mantle fraction of 60% are plotted in Figure 8-5.  For all lunar fractions changing 
the core (from 30% to 25%) has only a minimal effect on the potential impactor values as does 
the inclusion of ejected mass loss.  The incorporation of even a moderate 15% ice layer is still 
the dominant factor.  Interestingly at high lunar fractions all of the scenarios converge on the 
Moon’s isotope value (lunar anchor point) indicating that moderate changes in the composition 
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of the impactor have little effect on the isotope values at very high lunar fractions.  The lunar 
anchor point represents a Moon which is made entirely of impactor material.  
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Figure 8-6 compares the effect of doubling the mass of the impactor from γ = 0.1 to γ = 
0.2 while maintaining the same non-canonic compositions that were used to develop the 
previous figure.  The larger impactor also exhibits little sensitivity to changes in the core 
fraction or to inefficient accretion.  The addition of ice is still the dominant factor.  At very high 
lunar fractions all of these profiles converge on the lunar anchor point indicating that the size of 
the impactor also plays a decreasing role in collisions events which generate very high lunar 
impactor fractions.  
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To further test the sensitivity of impactor isotope values for non-canonic scenarios 
against impactor size a massive impactor having 50% the mass of the proto-Earth was plotted in 
Figure 8-7.   Changing the core fraction has more of an effect on the isotope values for large 
impactors than it does for small impactors since the mass of silicates added for a given 
fractional change in the core size increases with impactor size.  Adding a 50% layer of ice was 
again a dominant factor.  
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Figure 8-8 represents the extreme case of an impactor which has the same mass as the 
proto-Earth with which it collides.  In 2012 Canup determined that this type of impactor can 
generate lunar fractions which are as low as 40%.  Interestingly lunar fractions near the vertical 
asymptote fraction of 50% allow starkly different impactor isotope values (see appendix A8 for 
discussion of asymptote fractions, fa).  Although Canup’s model intriguingly resolves the isotope 
problem, it unfortunately appears to develop an excessive amount of angular momentum 
during the impact.  
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 Figure 8-9 depicts the potential impactor isotope values for a compilation of 
hypothetical impactors based on Zhang, et al., 2012 ε50Ti dataset.  Using ε50Ti values of  
DE = -0.02 ԑ-units and Dm = +0.008 ԑ-units the isotope envelope lines were generated for a 
canonic impactor (4BMB), an impactor with a small 15% iron core (core) and a set of impactors 
consisting of 50% ice.  Again it is clear that changing the core or the incorporation of inefficient 
accretion has a minimal effect while the addition of ice is a dominant factor.  For a lunar 
fraction near f = 70% the maximum undetectable ε50Ti impactor isotope value for the different 
impactor scenarios is: -0.114ε (4BMB), -0.115ε (core), -0.145ε (ice), -0.140ε (core & ice) and -
0.0136ε (core & ice & ejecta). 
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 In 2014 Herwartz et. al, reinvestigated Wiechert and Halliday’s 2001 oxygen isotope 
study and using an improved analytical technique were able to detect a difference between the 
Earth and the Moon’s Δ17O values of DE = (-0.101 ± 0.002‰, 1σ SEM) and Dm = (-0.089 ± 
0.002‰, 1σ SEM).  Using these values the comprehensive 4BMB equation was used to generate 
the potential isotope envelopes for the Mars-sized impactor having a γ = 0.11 depicted in Figure 
8-10.  For a lunar fraction of f = 70% the maximum undetectable Δ17O impactor isotope value 
for the different impactor scenarios is: -0083‰ (4BMB), -0.083‰ (core), -0.070‰ (ice), -
0.075‰ (core & ice) and -0.075‰ (core & ice & ejecta).  Herwartz suggests that the impactor 
may have been similar to enstatite chondrites (Δ17O = -0.051 ± 0.006‰) represented by the 
horizontal dashed-dot line.  The core-and-ice scenario intersects the enstatite line at a lunar 
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faction of 49%.  Note that using the smallest offset in the Δ17O lunar and terrestrial values and 
the largest value for the E-chondrites (-0.057‰) the lunar fraction would increase to 60% for a 
balanced core-ice-ejecta impactor which is within the range of lunar fractions found in SPH 
models. 
Herwartz also presented the Niobium to Tantalum ratio as a possible tracer for a 
carbonaceous chondrite like impactors.  Using the Nb/Ta ratios of DE = 14.0 ± 0.3, Dm = 17.0 ± 
0.8, and a chondritic ratio of Dcc = 19.9 ± 0.6 the potential impactor profiles can be generated 
using the comprehensive 4BMB for a Mars-sized impactor (Figure 8-11).  In the figure the 
horizontal dashed lines represent the Earth, Moon and chondritic values.  The location where 
the canonic (4BMB) impactor and the balanced icy impactor (containing 30% ice and having a 
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non-ice silicate fraction of 71%) lines intersect with the chondritic line indicates the maximum 
lunar fraction of impactor material in the Moon of 56% for 4BMB and 65% for the icy impactor.   
The icy impactor values are within the SPH model values of 60% to 90%.  The anchor point at Dm 
and the vertical asymptote at γc are readily apparent in the figure. 
 
Based on applications of the comprehensive 4BMB relationships changing the size of the 
impactor’s core or the incorporation of inefficient accretion has little effect on the potential 
impactor isotope values while the addition of ice is a dominant factor.   Interestingly, to explain 
the detected difference between the Earth and Moon’s  Δ17O values Herwartz posits that the 
Earth’s values may have instead been altered by a late veneer addition of carbonaceous 
chondritic material and it is therefore; 
 
“feasible that part of the ocean water was delivered by the late veneer impactors”.  
 
Given the sensitivity of the impact generated isotope values to the addition of ice on the 
impactor I propose a more likely scenario; the Earth’s oceans are remnants of a giant impact 
event with an icy impactor.  
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Section 9 
 
Conclusion and recommendations for future research 
 
Precision in the measurements of lunar and terrestrial isotope values and the resolution 
available in SPH giant impact computer simulations are offset by uncertainties in the mass, 
composition, and origin of the impactor when computing the provenance of the Moon forming 
impactor.  This research has shown that the simple three body mass balance equations which 
are often used for impact isotope analytics present an oversimplification of the mass balance 
relationships.  Through careful mathematical modeling of a four body system; two objects 
colliding (proto-Earth and impactor) forming two different objects (an Earth and a Moon), a 
comprehensive isotopic Four Body Mass Balance (4BMB) relationship was developed which has 
the capability to account for changes to the proto-Earth’s isotope values as well as incorporate 
impactors which deviate from the canonic model.  The 4BMB relationship focused on three 
particular non-canonic areas of concern; non-homologous impactor iron cores, the addition of 
an ice layer on the impactor and inefficient accretion (ejecta losses from the Earth during the 
collision). 
Analysis of different isotope datasets using the 4BMB relationship indicates that 
inefficient accretion and alterations to the impactors iron core fraction have only a moderate to 
small effect, particularly for lunar impactor fractions which are in the range indicated by SPH 
modeling (70% to 90% impactor in the Moon), and that the incorporation of a layer of ice on 
the impactor is a dominant factor in the computation of impact generated isotope values. 
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Future work. 
The incorporation of ice onto the impactor has some important implications: 
a) Ice is the dominant parameter affecting impact isotope analytics. 
b) An icy impactor will have a larger cross-section than a rocky impactor of the same 
mass (and momentum) which may increase the ejected fraction of proto-Earth 
material during the collision. 
c)   The expansive effort of the steam generated by the volatilization of water-ice 
during the collision may increase the ejected fraction of proto-Earth material. 
d)   The Earth’s oceans may be remnants of a giant impact event with an Icy Impactor. 
 
 
Closing Statement. 
   The development of a comprehensive mass balance relationship (4BMB) which has the 
ability to account for non-canonic impactor compositions represents an important step in the 
determination of the origin and composition of the Moon forming impactor.  It is my hope that 
it will be of use to the many lunar researchers which are trying to resolve the physical and 
geochemical problems associated with the formation of our Moon.  
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APPENDICES 
 
 
Appendix A. Using oxygen Isotopes for source identification from a heterogeneous isotopic 
solar reservoir. 
Meteorites that land on the Earth afford us with the unique opportunity to sample 
objects from throughout the solar system.  Oxygen having three stable isotopes, 16O (99.757%), 
17O (0.38%), and 18O (0.205% abundance) (Clayton 2003) and being that it is the third most 
abundant element (after hydrogen and helium) in the solar system its abundance allows the 
comparison of different objects by analyzing the oxygen isotopic ratios of the object (Taylor, 
2001).  The “delta oxygen” ratios of the 
heavy 18O and 17O isotopes to 16O can be 
found using: 
𝛿𝛿18𝑂𝑂 ≡ �
�
 18𝑂𝑂 16𝑂𝑂� 𝑝𝑝𝐸𝐸𝐴𝐴𝑝𝑝𝑠𝑠𝑑𝑑
�
 18𝑂𝑂 16𝑂𝑂� 𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴 − 1� ∗ 1000‰ [A. 1] 
𝛿𝛿17𝑂𝑂 ≡ �
�
 17𝑂𝑂 16𝑂𝑂� 𝑝𝑝𝐸𝐸𝐴𝐴𝑝𝑝𝑠𝑠𝑑𝑑
�
 17𝑂𝑂 16𝑂𝑂� 𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸𝐴𝐴𝐸𝐸𝐸𝐸𝐴𝐴 − 1� ∗ 1000‰[A. 2] 
where the standard is a reference 
standard of SMOW (standard mean ocean 
water) having units of ‘parts per mil’ or 
parts per thousand, written as ‰.  Figure 
A-1 depicts the relationship of delta 
oxygen-17 to delta oxygen-18 for many 
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different meteorite, lunar, and terrestrial samples. As the mass fraction of 18O/16O changes in 
different samples due mostly to metamorphic events the mass fraction of 17O/16O also changes 
by a specific ratio forming a line called a mass fractionation line. 
 Figure A-1 depicts the different mass fractionation lines that define the related families 
of meteorites which most likely had a common point of origin within the early solar system. 
Such distinct grouping indicates that the planetesimals formed at specific times and locations 
within in the solar system leaving each with their own characteristic isotopic oxygen signatures.  
For terrestrial rocks the change in the ratios is 0.52 or about half.  That is, if the 18O/16O drops 
from 10 to 5ppm then the 17O/16O will drop from 5 to 2.5ppm (half as much).  All Earth rocks 
plot along this 0.52 sloped line, which is called the terrestrial fractionation line, or TFL. 
Meteorite samples have a different 
fractionation slope that relates 
changes in their respective oxygen 
isotope ratios. The lunar samples 
returned by the Apollo astronauts plot 
directly along the TFL line, indicating a 
common origin with the rocks of the 
Earth (Figure A-2).  
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Appendix A1.  Conservation of angular momentum. 
Compared with other objects in the solar system the Earth-Moon system has an 
unusually high amount of angular momentum (Taylor, 2001).  Angular momentum is an 
important conservative physical property which places a strong set of constraints on any Moon 
forming hypothesis. Angular momentum (L) is defined as the distance vector (r) as measured 
from the center of rotation crossed with the linear momentum vector (mV): 
𝐿𝐿 = 𝐸𝐸𝐴𝐴𝐴𝐴𝑟𝑟 (A1.1) 
For a rotating body the angular 
momentum can alternatively be defined 
as: 
𝐿𝐿 = 𝐼𝐼𝐼𝐼  (A1.2) 
Where (ω) is the rotational angular 
velocity in (radians/sec) and (L) is the mass 
moment of inertia (kgm2) which is based 
on the geometry of the object: 
𝐼𝐼𝐸𝐸𝑚𝑚𝑐𝑐𝑇𝑇ℎ = 25𝑀𝑀𝑅𝑅2 (A1.3) 
𝐼𝐼𝑚𝑚𝑇𝑇𝑇𝑇𝑛𝑛 = 25𝐴𝐴𝑅𝑅2 +  𝐴𝐴𝐴𝐴2 (A1.4) 
Table A1-1 lists the data and computed values needed to find the current angular 
momentum of the Earth-Moon system. The ω for Earth is based on a sidereal rotational period 
of 23.94 hour; ω for the Moon is based on a sidereal period of revolution of 27.5 days which 
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since synchronous matches its rotational period.  The Moon is only 1/100th the mass of the 
Earth yet it constitutes 80% of the systems angular momentum.  This is due primarily to the 
magnitude of Earth-Moon distance (d) which causes the (md2) term to dominate the systems 
moment of Inertia by a factor of 1000.  The Earth-Moon system has an L-total of 3.6 x 1034 Nms 
which can be defined as 1 lem.   For a closed system such as the Earth-Moon this 1 lem value 
must be conserved (even during collisions) and as such it places an important constraint on all 
impact models. 
 The discovery that the Moon is moving away from the Earth (at about 1.5 inches or 
38mm per year, NASA) led George Darwin to propose his fission model in 1878 (Brush, 1996).  
He correctly inferred that if the Moon is moving away now, it must have been closer to the 
Earth in the distant past. He extrapolated that it could have been ‘flung’ off from the Earth, 
leaving behind the Pacific basin.  The law of conservation of momentum and equation (A1.2) 
allow us to calculate the resulting angular velocity of the Earth if the Moon were returned. The 
rotating Earth would need to develop all of the systems 1 lem.  After increasing the mass of the 
Earth by 1% equation (A1.2) can be rearranged to find ω for this proto-Earth: 
𝐼𝐼 = 𝐿𝐿
𝐼𝐼𝑖𝑖′
= 3.6𝐸𝐸34
9.8𝐸𝐸37 = 3.7𝐴𝐴10−4𝐸𝐸/𝑝𝑝  (A1.5) 
Using: 
𝑇𝑇 = 2𝜋𝜋
3600𝜔𝜔
[ℎ𝑝𝑝𝐸𝐸𝐸𝐸𝑝𝑝] (A1.6) 
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which translates to a rotational period (T) of 4.7 hours. For the Moon to have been flung from 
the Earth the surface centripetal acceleration (ac = Rω2)(A1.7) would need to be greater than 
the acceleration due to gravity at the surface.  Setting ac equal to g (9.8m/s2) we find: 
𝐼𝐼 = � 𝑔𝑔
𝑅𝑅𝑑𝑑
=  � 9.8
6.37𝐸𝐸6 = 1.24𝐴𝐴10−3 𝑐𝑐𝑒𝑒   (A1.8) 
Using (A1.6) this represents a rotational period of 1.4 hours. Such a high rate of rotation would 
be very unusual for any large object in our solar system, due mainly to the fact that such an 
object would have difficulty forming given its rotational tendency to tear itself apart. In his 
defense Darwin did indicate the tidal effects of the Sun could have resonantly enhanced this 
centrifugal effect and that a lower rotational rate may have been required (Brush, 1996), 
(evection resonance was recently proposed by Cuk and Stewart, 2012 as a mechanism to shed 
excess angular momentum). Further attempts to incorporate the Sun’s influence into Darwin’s 
model indicate that the solar tides would be too small of an influence to change the initial 
conclusions against the model. Darwin’s model however was the most widely accepted theory 
until 1975 when the impact model gained firm footing (Hartmann, 1975).  
Debris disk evolution and accretion simulations of the impact event indicate that a large 
Moon would likely coalesce just outside the Roche radius (aR ~ 2.9 RE). The Roche radius is the 
distance where Earth’s tidal forces would rip apart any accreting object (Brush, 1996) 
preventing accretion in this region.  To find the period for a Moon formed at about 3RE Kepler’s 
3rd law of planetary motion as defined by Newton can be used to find the period. 
𝑇𝑇2 =  4𝜋𝜋2
𝐺𝐺(𝑀𝑀+𝑚𝑚) 𝐸𝐸3 (A1.9) 
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At r=3RE the newly formed Moon would have a Keplerian orbital period of about 7 hours. Using 
the conservation of lem we find that the rotational period of the Earth be just under 6 hours, a 
stark difference from today. Interestingly, at this 
distance the Moon would appear 20 times larger 
in the sky than it does today and the tidal forces 
exerted on  the Earth which are proportional to 
the inverse of distance cubed would have been 
some 8000 times larger than today (current 
distance to Moon is about 60.3 Earth Radii.  
By design the giant impact model imparts a 
large amount of angular momentum by having the 
impactor collide with the Earth at an oblique angle 
or ‘glancing blow’ (Hartmann, 1975).  Angular 
momentum generated by an offset impact can be calculated using equation (A1.1): L = r x mV 
which becomes r mV if r is measured perpendicular to the line of relative velocity, Figure A1-1. 
The table in the figure lists the quantity of lem generated for different impact offset distances 
(r).  For a head-on collision (r=0) there is very little lem generated.  Simulations indicate that a 
zero lem impact will likely destroy the impactor while ejecting substantial amounts of material 
into space. This material will either escape from the Earth-Moon system or fall back onto the 
Earth. The end result is that no moon will form since the ejected material has very little 
tangential velocity resulting in a freefall back to Earth rather than a stable orbital configuration 
which is required to form a disk.  As the impact becomes more offset the amount of lem 
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increases linearly as a function of (r).  An increase in lem increases the tangential velocity of the 
debris cloud and a stable orbital disk can be formed.  As the offset increases the mass contained 
in the disk increases (non-linearly). Beyond r = 1 RE the impact becomes grazing and the mass in 
the disk decreases. Beyond r = 1.3 RE the impactor will miss the Earth. 
 
 
Appendix A2. Physical constraints for the Moon forming Giant Impact Model. 
A key criterion for any successful computer simulation of a Moon forming ‘Giant Impact’ 
is to match the existing Earth-Moon physical properties of mass, angular momentum, petrology 
and geochemistry. 
Mass: Amount of ejecta to accrete a moon: 
Computer models by Cameron and Canup et.al show that a Mars sized impactor 
colliding with a proto-earth has the ability to eject substantial amounts of material into orbit as 
well as generating enough heat to vaporize rock (2000 K to 4000 K) into a silicate vapor cloud 
surrounding the planet (Canup, 1996, 2000, 2004).  Material ejected into orbit would be 
distributed into a circum-terrestrial debris cloud roughly centered about the Earth’s Roche limit 
of 2.9 Earth radii (RE).  The Roche limit is given by:  ar = 2.456 RE (ρE/ρ) 3/2  where ρE and ρs 
represent the density of the Earth and silicate rock respectively and Re is the radius of the more 
massive object in this case the Earth (Ida 1997).  Aggregate objects inside of the Roche limit will 
be ripped apart by strong tidal interactions with Earth’s gravitational field and would be 
inhibited from accreting. Kokubo and Ida performed 27 computer simulations involving 1000 to 
2700 large particles in the 100 Km range  (1/100 to 1/10,000 the mass of the Moon) distributed 
in a circum-terrestrial disk about the Earth (Figure A2-1).  Particles that collide beyond the 
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Roche limit may accrete if their relative rebound speeds are less than the gravitational escape 
speed of the colliding pair.  Rebound speed is highly dependent on the coefficient of restitution 
(cor) of the colliding pair.  If the cor is high, the particles will rebound strongly, if it is low they 
will tend to stick together.  The cor changes dramatically with temperature. If the particles are 
hot (near the silicate melting point of 2300K) they will be soft (or liquid) and tend to stick 
together (like clay), if they are cold and hard they will tend to rebound (like marbles).  Canup 
modeled the temperature profile in the debris cloud and has shown that hot (2000K to 4000K) 
molten silicates may have been present, however the cloud would cool quickly and hence the 
time span for the accretion process becomes important since temperature has a profound 
effect on the cor. 
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Computer simulations of the evolution of the debris cloud indicate that in the majority 
of starting conditions, one large moon formed at or near the Roche radius (see Figure A2-1 at t 
= 100 TK).  In one third of the cases however, particularly where the disk was more spread out, 
multiple smaller moons sometimes formed.  Further modeling indicated that multiple moons 
would either, collide and coalesce ultimately forming one large moon, or one moon would 
become unstable and crash onto the Earth leaving a smaller moon in orbit (Canup, 1999).  In 
either case, once a large moon forms the debris field becomes unstable due to gravitational 
perturbations by the moon. As a result, the debris field is quickly cleared out either by accreting 
with the moon, being ejected from the system, or falling back to Earth due to tidal resonance 
effects with the moon (this is particularly true for material inside of the Roche limit).  The time 
scale for the formation event is believed to be less than one month. These simulations indicate 
an accretion efficiency of less than 50%, which places an important mass requirement on the 
impact model in that the collision must eject a minimum of two lunar masses of material into 
orbit in order to form a one lunar mass moon.   
 
Angular momentum:  
The Earth- Moon system has an unusually 
large amount of angular momentum 
(hereafter referred to as lunar-Earth 
momentum or lem) (Taylor, 2001), which 
must be accounted for in any successful 
computer simulation.  Angular momentum is a conservative physical property that is based on 
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the mass and the rotational or revolutionary speed of an object or objects (See Appendix A1 for 
detailed calculations).  The amount of impact generated angular momentum is determined by 
the vector relationship: (m V x r) where m is the impactor mass, V is the relative impact 
velocity, and r is the perpendicular offset distance from a direct head-on collision (Figure A2-2).  
The impact relative velocity V is estimated as the mutual escape velocity of the impactor from a 
proto-Earth (Canup, 2004).   As such we have a range of angular momentum that can be 
generated by two specific bodies undergoing an impact that is based primarily on the offset 
distance r.  Reviewing Figure A2-2 a direct head on collision, where r equals zero, generates no 
angular momentum while a glancing collision, where r equals the Earth’s radius plus the 
impactor radius, has the ability to generate a maximum of 3.25 lem (Cameron, 2000).  
Computer simulations by Cameron, 1976, 1988, 2000; Ida, 1997; Kokubo, 2000 and Canup, 
2004 showed that just such a collision is possible and that an accreted moon is a highly 
plausible outcome.  
      Cameron’s 2000 modeling work showed that the angular momentum of the impact has a 
significant effect on the amount of material ejected into orbit.  If the collision is more head on 
(low angular momentum) then the impactor is destroyed and much of the material that is 
ejected does not have the requisite velocity to stay in orbit and falls back onto the Earth, 
resulting in a debris cloud that does not contain sufficient mass to form a moon.  If the impact is 
more glancing (high angular momentum) then there is a substantial amount of debris ejected 
into orbit (Figure A2-3). Unfortunately the amount of angular momentum required to eject two 
lunar masses of debris into orbit is excessive and does not correlate well with the current lem 
of the Earth-Moon system.  For an ideal two lunar mass debris cloud Cameron estimated that a 
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collision generating about twice the current lem Earth-Moon system is required.  It has been 
estimated that tidal interactions with the Sun and stochastic collisions with planetesimals after 
the formation event might be able to remove 0.25 lem at most (Wiechert and Halliday, 2001).  
The excessive angular momentum required to generate a two lunar mass disk is a major 
unresolved problem for the giant impact model.  
 
Appendix A3.  Petrology: 
 
Meteorites that land on the Earth afford us with the unique opportunity to sample different 
objects from throughout the Solar System.  Oxygen, the third most abundant element in the 
Solar System, has three stable isotopes whose ratio varies throughout the Solar System.  
Samples with common oxygen isotopic ratios are believed to have a common source of origin 
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from within the early Solar System (Taylor, 2001).  The Lunar samples returned by the Apollo 
astronauts plot directly along the Earths terrestrial fractionation line (TFL), indicating a common 
origin with the rocks of the Earth (Figure A2).   
  This is an unresolved problem for the impact model since the impact simulations 
indicate that the Moon should be highly impactor rich (Wiechert and Halliday, 2001, et al.).  
Pahlevan and Stevenson have presented one possible explanation for the similarity of 
the Earth and Lunar samples in that shortly after the collision the Earth would have formed a 
magmatic ocean exhibiting strong convective flow allowing silicate vapor gas exchange with the 
hot magmatic pre-lunar disk providing a mechanism for the two reservoirs to establish chemical 
equilibrium (Figure A3-1 by Pahlevan et. al, 2007).  It is likely that some gas exchange took place 
between the two reservoirs but the timescale for the debris cloud to cool may limit the amount 
of mixing (Cameron, 2004) 
and since the Moon formed 
from the outer portions of the 
disk (which would cool the 
fastest) it is not clear that the 
estimated 70% to 90% 
impactor enrichment could be 
equilibrated by this process.  
Another explanation is that the proto-Earth was impacted by an icy impactor (Wolbeck, 
et al., 2010).  During such an event, the water-ice would be vaporized and be removed from the 
system by pressure gradients and by solar wind.  Water-ice ejected in this manner will carry 
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away with it mass and angular momentum.  A Moon formed under these condition would 
contain less impactor material, have a smaller mass, and have a proto-Earth fraction which is 
higher than the non-ice SPH simulations indicate.  Water-ice embedded into the proto-Earth 
may increase the ejected fraction of proto-Earth material by the expansive effort of the steam 
which is produced.  Such an impactor having the same mass as a canonic impactor (and same 
momentum) would have a larger cross section which may also increase the ejected proto-Earth 
fraction. 
Another common isotopic trait between Lunar and Earthen samples is the absence of 
siderophile elements (elements that are iron loving) like [Rhenium (Re) through Gold (Au) and 
Ruthenium (Ru) through Silver (Ag) (Taylor, 2001).  The Earth’s siderophile elements would 
have settled and been differentiated along with iron into the Earth’s core, and thus leave the 
mantle deficient in these specific elements. Lunar samples exhibit a similar deficiency in the 
siderophile elements. This is a good indication that the Lunar source material formed in a 
location where iron was initially present, but then migrated into the core of the impactor taking 
the siderophile elements with it.  The siderophile deficiency is an indicator that the Impactor 
was likely a fully differentiated body and that it had undergone a siderophile depletion event 
similar to the proto-Earth prior to the collision.  
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Appendix A4.  The case for an Icy Impactor 
Analysis of the Apollo lunar return samples initially exhibited no indication of aqueous 
alteration indicating that the Moon was ‘bone’ dry [There are currently three sources of Moon 
rocks on Earth:  1) Samples collected by US Apollo missions: 2,415 samples weighing 382 kg 
(842 lb); 2) Samples returned by the Soviet Union Luna missions:  0.32 kg (0.7 lb);  3) Lunar 
meteorites ejected from past lunar cratering events which have landed on Earth:  120 
meteorites from 60 fall events totaling 48 kg (104 lb)].  As such the impactor was believed to be 
a dry planetesimal similar in size and composition to Mars (Taylor, 2001).  Given that water is a 
very common molecule in the Solar System how probable is it that the impactor was ‘bone’ 
dry?  Comets, the larger moons of the solar system and many Kuiper Belt Objects appear to 
contain vast amounts of water-ice; for example Jupiter’s moons Ganymede and Callisto are 
believed to be as much as 50% ice (NASA, 2010).  The diameter of Ganymede is 5262 Km while 
Callisto is 4800 Km, making these moons comparable in size to the Mars-like impactor which is 
hypothesized to have collided with the Earth (Diameter of Mars is 6796 Km) (Chaisson et.al. 
2005).  The fact that large icy objects are currently plentiful in the Solar System makes it highly 
likely that large icy planetesimals were present in the early solar system which qualifies the 
possibility that the Impactor contained some fraction of water-ice.  Recent improvements in 
isotopic measurements indicate that the lunar samples may exhibit some aqueous alteration 
and that water may have been present when the Moon formed (Saal, 2008; Robert, 2011). 
Computer models indicate that during the impact most of the iron from the core of the 
impactor would settle or “drain” into and merge with the Earth’s iron-rich core, with some 
small fraction of the iron being ejected ultimately forming the small iron core of the Moon 
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(Canup, 1996, 2000, 2004). These models further indicate that earthen mantle material along 
with impactor mantle material would preferentially be ejected into orbit.  Disk accretion 
models indicate that a minimum of two lunar masses of material must be ejected to form our 
Moon (Ida, 1996; Kokubo, 2000).  These models also indicate that the circum-terrestrial ejecta 
from the collision should be 70% to 90% impactor material.  It is likely that the smaller fraction 
of silicate material contained in an Icy Impactor (of the same mass), possibly being constrained 
to the inner mantle region surrounding the iron core, is less likely to be ejected than material 
near the surface (of both bodies) causing a much smaller fraction of the rocky impactor 
material to be ejected into orbit.  The outer layers of the impactor, which are rich in water-ice, 
would be preferentially ejected along with proto-earth mantle material into space.  The 
immense thermal energy generated during the impact event (T > 4,000K) would volatize most 
of the water allowing it to dissipate into space at which point the solar winds would remove it 
from the system leaving a minimal impactor signature on the lunar samples.  We cannot find 
the impactors signature in the lunar samples because much of it is simply not there; the water 
evaporated and was outgassed into space prior to the formation of the Moon millions of 
millennia ago. 
 Effect of an ice layer on impactor size. 
 Since ice is three to six times less dense than silicate mantle material (Chaisson, 2005) an Icy 
Impactor would have a much larger cross-section than a rocky planetesimal of the same initial 
mass. I propose that the larger cross-sectional area would have a profound effect on the 
amount of material ejected during the impact.  Regarding Cameron’s pivotal simulation model 
he himself stated;  ”a complicated dynamical system such as this [is] highly sensitive to initial 
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conditions, and it only takes a slight displacement of a particle interacting with many nearby 
attracting particles to magnify that displacement”(Cameron, 2000).   A larger cross section 
should eject more material into orbit 
for the same impact mass and velocity 
and thus may require less initial 
angular momentum to eject the 
requisite two lunar masses of material.  
Further, since most of the water-vapor 
is removed from the system the 
resulting Moon will contain less mass 
than non-ice SPH models predict, 
possibly allowing larger moon’s to 
have been acceptable.  Preliminary 
estimates indicate that replacing 10% of the Impactor’s silicates with ice increases the 
impactor’s cross-sectional area (CSA) by about 20%.  In fact this “doubling approximation”; 
∆CSA≈2 x cice [eqn. A4.1] (where cice is the mass fraction of silicates replaced by ice expressed as 
a percent) works over a surprisingly large range of silicate densities, fractional core sizes and 
mass fractions replaced (Figures A4-1 and A4-2). 
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An important ancillary consideration is that an Icy Impactor may provide the answer to 
the mystery of the origin of water on the Earth.  To put this in perspective, the Earth currently 
has 1.35 x 1021 Kg of water which 
represents roughly 6 million 
Halley’s comets worth of water 
(Chaisson, 2005).  If the Earth had 
been stochastically hit by this many 
comets all of planets in the inner 
Solar System would also have been 
similarly bombarded and water 
would be commonplace on all of 
the bodies throughout the Solar 
System.  An Icy Impactor may have 
contained some 10 to 100 oceans worth of water.  This large volume of water-ice would have a 
strong ‘quenching effect’ during the impact resulting in a cooler post collision Earth than has 
been currently modeled. The lower temperatures may reduce the amount of outgassing which 
could allow the Earth to retain some of this water post-collision.  The hot young Moon being 
one-one hundredth the mass of the Earth would outgas all of its impact generated water.  An 
Icy Impactor with all of its destructive energy leaves the Earth with its oceans as well as the 
Moon.  
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 Given that ice is much less dense than rock, a planetesimal containing ice would be 
larger in size than a rocky planetesimal of the same mass.  The change in size can be estimated 
by using density and volumetric ratios.  In general it can be shown that the change in the 
impactor’s radius can be found using:  𝑹𝑹𝑵𝑵𝟑𝟑 = ([(𝑫𝑫− 𝟏𝟏)𝒄𝒄𝒊𝒊𝒄𝒄𝒊𝒊(𝟏𝟏 − 𝑨𝑨𝟑𝟑 ) + 𝟏𝟏]𝑹𝑹𝒐𝒐𝟑𝟑)𝟏𝟏𝟑𝟑    [𝑨𝑨𝑨𝑨.𝟐𝟐]    
Where: RN = radius of icy impactor, Ro = original silicate-iron planetesimal, D = Specific Gravity 
of the silicate mantle, (cice) the fraction of silicates replaced with ice, and (A) is the fractional 
size of the iron core (Rcore = A*Ro).  Figures A4-1 and A4-2 were developed using equation 
[A4.2].   The variables used in the equation are identified in the depiction of the cross-section of 
a potential Icy Impactor (which may have 
been similar in construction to Europa, 
Figure A4-3). 
An icy impactor with the same 
mass as a canonic rock-and-iron impactor 
would deliver the same amount of 
angular momentum to the Earth-Moon 
system but would change the dynamics of 
the impact event.  The larger impactor 
cross section may increase the amount of 
proto-Earth material ejected.  The 
expansive effort of the water as it is volatized during the collision may expel additional proto-
Earth mantle material.  Further, given that the Icy Impactor may have contained up to 100 
oceans worth of water, it is highly plausible that the water currently on planet Earth was 
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obtained during this event.  Future simulations may be able to determine the quenching 
(cooling) effects of the water-ice during the collision and be able to estimate the volume of 
water retained by the Earth after the collision.  
  The Icy Impactor Model has the ability to resolve the homogeneity and excessive 
angular momentum problems associated with the giant impact model for the formation of our 
Moon and may provide the answer to the origin of the Earth’s water.  An Icy Impactor with all 
of its destructive yet benevolent energy leaves the Earth with a Moon as well as its oceans. 
 
 
Appendix A5:    
  Derivation of Dm = 0 when f = γc relationship for terrestrial references (DE = 0) using 
equation [eqn. 5.37]. 
𝐷𝐷𝑚𝑚 = 0 = 𝐷𝐷𝑖𝑖(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑)𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑 − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑𝐷𝐷𝑖𝑖   [𝑑𝑑𝐸𝐸𝐸𝐸. 5.37]  [𝐴𝐴5.1] 0 = (1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑)𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑 − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑   [𝐴𝐴5.2] (1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑)𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑 = 𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑  [𝐴𝐴5.3] 
𝑓𝑓0−𝑖𝑖𝑐𝑐𝑑𝑑 = 𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑 ≡  𝛾𝛾𝑐𝑐𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑  [𝐴𝐴5.4] 
Thus the zero value for Dm occurs when the ice modified lunar fraction (fo-ice) equals the ice 
modified mass fraction (γc-Si-ice).  In other words the Moon and proto-Earth each receive the same 
fraction of impactor material.  Further substitution of:  𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑 = 𝛾𝛾(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑) [𝑑𝑑𝐸𝐸𝐸𝐸. 5.7]  and  
𝑓𝑓𝑖𝑖𝑐𝑐𝑑𝑑 =  𝑓𝑓(1−𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖)1−𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑓𝑓  [𝑑𝑑𝐸𝐸𝐸𝐸. 5.25]  into the above defining fo as the lunar fraction which satisfies DE =Dm 
= 0 yields: 
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𝑓𝑓𝑇𝑇−𝑖𝑖𝑐𝑐𝑑𝑑 = 𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑖𝑖𝑐𝑐𝑑𝑑      [𝐴𝐴5.5] 
𝑓𝑓0(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓0 = 𝛾𝛾(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)1 + 𝛾𝛾(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)  [𝐴𝐴5.6] 
𝑓𝑓01−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓0 = 𝛾𝛾1 + 𝛾𝛾(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)  [𝐴𝐴5.7] 
𝑓𝑓0(1 + 𝛾𝛾(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑)) = 𝛾𝛾(1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓0)  [𝐴𝐴5.8] 
𝑓𝑓0 + 𝑓𝑓0𝛾𝛾(1 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑) = 𝛾𝛾(1−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓0)  [𝐴𝐴5.9] 
𝑓𝑓0 + 𝑓𝑓0𝛾𝛾 − 𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓0𝛾𝛾 = 𝛾𝛾−𝑐𝑐𝑖𝑖𝑐𝑐𝑑𝑑𝑓𝑓0𝛾𝛾  [𝐴𝐴5.10] 
𝑓𝑓0 + 𝑓𝑓0𝛾𝛾 = 𝛾𝛾  [𝐴𝐴5.11] 
𝑓𝑓0(1 + 𝛾𝛾) = 𝛾𝛾  [𝐴𝐴5.12] 
𝑓𝑓0 = 𝛾𝛾(1 + 𝛾𝛾) =  𝛾𝛾𝑐𝑐  [𝐴𝐴5.13] 
Again verifying the relationship, the Moon and Proto-Earth must each receive the same fraction 
of impactor material for Dm to equal DE when ice replaces silicates.  The independence of f0 on 
cice occurs since the Moon and the impactor each shed the same fraction of impactor silicates 
due to the evaporation of ice by the methods employed here to incorporate ice replacing 
impactor silicates.  For isotope values where DE ≠ 0, Dm will equal DE when f = γc-Si-ice ≡ fEM and the 
pivot point will be located on the DE isotope line. 
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Appendix A6: 
Computation of percent of mass ejected from impactor and proto-Earth where (γc = 0.10; n = 
0.10 and f = 0.50) as discussed in text (note the use of γc and not γ in order to express the mass 
fractions directly as a percent of MTot): 
𝛾𝛾𝑐𝑐 ≡  𝑀𝑀𝑖𝑖𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇     [𝐴𝐴6.1] 
Impactor mass: 
 
𝑀𝑀𝑖𝑖 =  𝛾𝛾𝑐𝑐𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 = 10%𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇    [𝐴𝐴6.2] 
Proto-Earth mass: 
 
𝑀𝑀𝑝𝑝 = (1 − 𝛾𝛾𝑐𝑐)𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 = 90%𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇     [𝐴𝐴6.3] 
Disk mass: 
𝑀𝑀𝐷𝐷 = 𝐸𝐸𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 = 10% 𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇     [𝐴𝐴6.4] 
The portion of the disk derived from the impactor is:  
𝑀𝑀𝐷𝐷𝑖𝑖 = 𝑓𝑓𝑀𝑀𝐷𝐷 = 50%𝑀𝑀𝐷𝐷     [𝐴𝐴6.5] 
That is 50% of the disk came from the impactor.  
The contribution of the impactor to the disk as a percent of the total mass is: 
𝑀𝑀𝐷𝐷𝑖𝑖 = 𝑓𝑓𝑀𝑀𝐷𝐷 = 𝐸𝐸𝑓𝑓𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 = (0.1)(0.5)𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 = 5% 𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇      [𝐴𝐴6.6] 
The fraction of impactor ejected to the disk represents 5% of the total mass of the system. 
The contribution of the impactor to the disk as a percentage of the impactor mass (Mi) can be 
defined using: 
𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 =  𝑀𝑀𝑖𝑖𝛾𝛾𝑐𝑐      [𝐴𝐴6.7] 
𝑀𝑀𝐷𝐷𝑖𝑖 = 𝐸𝐸𝑓𝑓𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐸𝐸𝑓𝑓𝑀𝑀𝑖𝑖𝛾𝛾𝑐𝑐 = (0.1)(0.5)𝑀𝑀𝑖𝑖(0.1) = 50% 𝑀𝑀𝑖𝑖     [𝐴𝐴6.8] 
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That is, 50% of the impactor has been ejected to the disk and the resulting Earth will at best only 
subsume 50% of the impactor. This will change the effective mass fraction and mass ratio. 
 A similar analysis can be done for the proto-Earth contribution: 
The portion of the disk derived from the proto-Earth is: 
𝑀𝑀𝐷𝐷𝑝𝑝 = 𝑓𝑓𝑝𝑝𝑀𝑀𝐷𝐷 = (1 − 𝑓𝑓)𝑀𝑀𝐷𝐷 = 50%𝑀𝑀𝐷𝐷     [𝐴𝐴6.9] 
That is 50% of the disk is from the proto-Earth.  
The contribution of the proto-Earth to the disk as a percentage of the total mass is: 
𝑀𝑀𝐷𝐷𝑝𝑝 = 𝑓𝑓𝑝𝑝𝑀𝑀𝐷𝐷 = (1 − 𝑓𝑓)𝐸𝐸𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 = (1 − 0.5)(0.1)𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 = 5% 𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇     [𝐴𝐴6.10] 
The contribution of the proto-Earth to the disk as a fraction of the proto-Earth mass (Mp) can be 
found using: 
(1 − 𝛾𝛾𝑐𝑐) ≡  𝑀𝑀𝑝𝑝𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇      [𝐴𝐴6.11] 
𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 =  𝑀𝑀𝑝𝑝(1 − 𝛾𝛾𝑐𝑐)     [𝐴𝐴6.12] 
𝑀𝑀𝐷𝐷𝑝𝑝 = (1 − 𝑓𝑓)𝐸𝐸𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇 = (1 − 𝑓𝑓)𝐸𝐸𝑀𝑀𝑝𝑝(1 − 𝛾𝛾𝑐𝑐) = (1 − 0.5)(0.1)𝑀𝑀𝑝𝑝(1 − 0.1) = 5.56% 𝑀𝑀𝑇𝑇     [𝐴𝐴6.13] 
That is, 5.56% of the proto-Earth will be ejected to the disk and the Earth which forms will at 
most contain 94.4% of the proto-Earth.  The effective ejecta modified mass ratio will decrease as 
follows (the primes indicate the ejecta modified effective masses): 
𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐 ≡
𝑀𝑀′𝑖𝑖
𝑀𝑀′𝑝𝑝
     [𝐴𝐴6.14] 
𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐 ≡
0.5𝑀𝑀𝑖𝑖0.944𝑀𝑀𝑝𝑝 = 0.53 𝛾𝛾     [𝐴𝐴6.15] 
Where γ equals: 
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𝛾𝛾 = � 𝛾𝛾𝑐𝑐1 − 𝛾𝛾𝑐𝑐� = � 0.11 − 0.1� = 0.111      [𝐴𝐴6.16] 
𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐 = 0.53 𝛾𝛾 = 0.53(0.111) = 0.059     [𝐴𝐴6.17] 
which is in full agreement with the mass ratio with ejecta equation [6.30]: 
𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐 = 𝛾𝛾 − 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾)1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾) = 0.111 − (0.1)(0.5)(1 + 0.111)1 − (0.1)(0.5)(1 + 0.111) = 0.059      [𝐴𝐴6.18] 
 
Appendix A6-1. 
Verification of the substitution of γSi-esc for γ in the 4BMB equation. 
 
𝐷𝐷𝑚𝑚 = [(1 − 𝑓𝑓)(1 − 𝐸𝐸)(1 + 𝛾𝛾)]1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾) 𝐷𝐷𝐸𝐸 + [𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾]1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)𝐷𝐷𝑖𝑖         [𝐴𝐴6.19][4𝐵𝐵𝑀𝑀𝐵𝐵 − 𝑑𝑑𝑒𝑒𝑑𝑑𝑐𝑐𝑝𝑝𝐸𝐸] 
vs: 
𝐷𝐷𝑚𝑚 = (1 − 𝑓𝑓)(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐)𝐷𝐷𝐸𝐸 + (𝑓𝑓(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐) − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐)𝐷𝐷𝑖𝑖         [𝐴𝐴6.20] [4𝐵𝐵𝑀𝑀𝐵𝐵] 
Using: 
𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐 = 𝛾𝛾 − 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾)1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)          [𝐴𝐴6.21][𝐴𝐴𝐸𝐸𝑝𝑝𝑝𝑝 𝐸𝐸𝐸𝐸𝑝𝑝𝐴𝐴𝑝𝑝 𝑤𝑤𝐴𝐴𝑝𝑝ℎ 𝑑𝑑𝑒𝑒𝑑𝑑𝑐𝑐𝑝𝑝𝐸𝐸] 
Focusing on just the DE portion of the 4BMB equation: 
 (1 − 𝑓𝑓)(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐)𝐷𝐷𝐸𝐸      [𝐴𝐴6.22] 
 (1 − 𝑓𝑓)�1 + 𝛾𝛾 − 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾)1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)�𝐷𝐷𝐸𝐸       [𝐴𝐴6.23] 
 
 (1 − 𝑓𝑓)�1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾) + 𝛾𝛾 − 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾)1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)�𝐷𝐷𝐸𝐸      [𝐴𝐴6.24] 
 (1 − 𝑓𝑓)�1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾) + 𝛾𝛾 − 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾)1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾) �𝐷𝐷𝐸𝐸      [𝐴𝐴6.25] (1 − 𝑓𝑓)�1 − 𝐸𝐸(1 + 𝛾𝛾) + 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾) + 𝛾𝛾 − 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾)1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾) �𝐷𝐷𝐸𝐸      [𝐴𝐴6.26] 
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(1 − 𝑓𝑓)� 1 − 𝐸𝐸(1 + 𝛾𝛾) + 𝛾𝛾1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)�𝐷𝐷𝐸𝐸      [𝐴𝐴6.27] 
 (1 − 𝑓𝑓)� 1 + 𝛾𝛾 − 𝐸𝐸(1 + 𝛾𝛾)1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)�𝐷𝐷𝐸𝐸      [𝐴𝐴6.28] 
 (1 − 𝑓𝑓)� (1 + 𝛾𝛾) − 𝐸𝐸(1 + 𝛾𝛾)1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)�𝐷𝐷𝐸𝐸      [𝐴𝐴6.29] 
 (1 − 𝑓𝑓) � (1 − 𝐸𝐸)(1 + 𝛾𝛾)1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)�𝐷𝐷𝐸𝐸      [𝐴𝐴6.30] 
 
�
(1 − 𝑓𝑓)(1 − 𝐸𝐸)(1 + 𝛾𝛾)1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾) �𝐷𝐷𝐸𝐸      [𝐴𝐴6.31] 
 
Which is identical to the term for DE in the 4BMB-ejecta equation. 
 
Substitution of γSi-esc for γ in the Di portion of the 4BMB equation yields: 
 (𝑓𝑓(1 + 𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐) − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐)𝐷𝐷𝑖𝑖      [𝐴𝐴6.32]  (𝑓𝑓 + 𝑓𝑓𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐 − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐)𝐷𝐷𝑖𝑖      [𝐴𝐴6.33] (𝑓𝑓 − 𝛾𝛾𝑆𝑆𝑖𝑖−𝑑𝑑𝑒𝑒𝑐𝑐(1 − 𝑓𝑓))𝐷𝐷𝑖𝑖          [𝐴𝐴6.34] 
�𝑓𝑓 − �
𝛾𝛾 − 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾)1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)� (1 − 𝑓𝑓)�𝐷𝐷𝑖𝑖       [𝐴𝐴6.35]    
�𝑓𝑓 − �
𝛾𝛾(1 − 𝑓𝑓) − 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾)(1 − 𝑓𝑓)1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾) ��𝐷𝐷𝑖𝑖         [𝐴𝐴6.36]   
�
𝑓𝑓(1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾) − �𝛾𝛾(1 − 𝑓𝑓) − 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾)(1 − 𝑓𝑓)1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾) ��𝐷𝐷𝑖𝑖       [𝐴𝐴6.37]      
�
𝑓𝑓(1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾) − 𝛾𝛾(1 − 𝑓𝑓) + 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾)(1 − 𝑓𝑓)1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾) �𝐷𝐷𝑖𝑖         [𝐴𝐴6.38] 
�
𝑓𝑓 − 𝐸𝐸𝑓𝑓(1 − 𝑓𝑓)(1 + 𝛾𝛾) − 𝛾𝛾(1 − 𝑓𝑓) + 𝐸𝐸𝑓𝑓(1 + 𝛾𝛾)(1 − 𝑓𝑓)1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾) �𝐷𝐷𝑖𝑖       [𝐴𝐴6.39] 
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�
𝑓𝑓 − 𝛾𝛾(1 − 𝑓𝑓)1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)�𝐷𝐷𝑖𝑖        [𝐴𝐴6.40] 
�
𝑓𝑓 − 𝛾𝛾 + 𝛾𝛾𝑓𝑓1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)�𝐷𝐷𝑖𝑖        [𝐴𝐴6.41] 
�
𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾1 − 𝐸𝐸(1 − 𝑓𝑓)(1 + 𝛾𝛾)�𝐷𝐷𝑖𝑖        [𝐴𝐴6.42] 
Which is the same as the Di term in the 4BMB-ejecta equation.  Given these identical solutions, 
γSi-esc may be directly substituted for γ in the 4BMB equation.  
 
Appendix A6-2.  Commentary on γSi-esc and fmax : 
 
The substitution of γSi-esc into the fmax equation [6.48] is 
difficult since γSi-esc is itself a function of f.  The fourth 
column of Table A6-1 computes the detectable fraction 
directly using the 4BMBejecta-detf.terr.ref equation 
[A6.10].  Column two computes the modified γSi-esc based 
on an approximated f = 20.8% which is fmax for γ = 0.2 and 
n = 0.  Column three uses the fmax equation incorporating 
the computed γSi-esc value from column 2.  Comparing 
column three and four the maximum detectable fractions are in complete agreement.  It is 
interesting to note that fmax changes dramatically as γ changes but does not change dramatically 
as γSi-esc changes since γSi-esc in this case is nearly equal to γ (20%).  It is not advisable to use γSi-esc 
in the fmax equation. This was done only to check the validity of such a substitution and to better 
understand why γSi-esc had such a small effect when γ has a large effect in the fmax computation 
with increasing n.  
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Appendix A7.   “Compositional variation between the Earth and Moon.” 
 To address uncertainty in the size of the impactor and in the mass fractions of impactor  
which ultimately reside in the Earth and the Moon some impact researchers (Reufer, 2012; 
Herwartz, 2014; Young, 2016) have defined a new parameter which describes the “compositional 
variation between the Earth and Moon” (δfT) as: 
𝛿𝛿𝑓𝑓𝑇𝑇 ≡  �𝐹𝐹𝑀𝑀,𝑇𝑇𝑚𝑚𝑐𝑐𝐹𝐹𝑃𝑃,𝑇𝑇𝑚𝑚𝑐𝑐 − 1� ∗ 100     [𝐴𝐴7.1] 
Where, FM,tar is defined as the silicate mass fraction of proto-Earth (target) in the Moon and FP,tar 
as the silicate mass fraction of proto-Earth in the Earth (Herwartz et al., 2014).  Converting these 
parameters to the variables used throughout this text yields the following equivalent 
computations which are valid for either the silicate or the iron reservoirs of concern. 
𝐹𝐹𝑀𝑀,𝑇𝑇𝑚𝑚𝑐𝑐 =  �𝐴𝐴𝑝𝑝𝑀𝑀𝑚𝑚� =  𝑓𝑓𝑝𝑝 =  (1 − 𝑓𝑓)   [𝐴𝐴7.2] 
𝐹𝐹𝑃𝑃,𝑇𝑇𝑚𝑚𝑐𝑐 =  �𝑀𝑀𝑝𝑝𝑀𝑀𝐸𝐸� = 𝑀𝑀𝐸𝐸 −𝑀𝑀𝑖𝑖𝑀𝑀𝐸𝐸 = 𝑀𝑀𝐸𝐸𝑀𝑀𝐸𝐸 − 𝑀𝑀𝑖𝑖𝑀𝑀𝐸𝐸 = (1 −  𝛾𝛾𝑐𝑐)   [𝐴𝐴7.3] 
Therefore: 
𝛿𝛿𝑓𝑓𝑇𝑇 =  � (1 − 𝑓𝑓)(1 −  𝛾𝛾𝑐𝑐) − 1� ∗ 100   [𝐴𝐴7.4] 
𝛿𝛿𝑓𝑓𝑇𝑇 =  � (1 − 𝑓𝑓)(1 −  𝛾𝛾𝑐𝑐) − (1 − 𝛾𝛾𝑐𝑐)(1 −  𝛾𝛾𝑐𝑐)� ∗ 100   [𝐴𝐴7.5] 
𝛿𝛿𝑓𝑓𝑇𝑇 =  �(1 − 𝑓𝑓 − 1 + 𝛾𝛾𝑐𝑐)(1 −  𝛾𝛾𝑐𝑐) � ∗ 100   [𝐴𝐴7.6] 
𝛿𝛿𝑓𝑓𝑇𝑇 =  �(𝛾𝛾𝑐𝑐 − 𝑓𝑓)(1 −  𝛾𝛾𝑐𝑐)� ∗ 100   [𝐴𝐴7.7] 
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The numerator in [A7.7] represents the difference between the fractions of impactor in the Earth 
and in the Moon, which are normalized by the denominator representing the fraction of proto-
Earth in the Earth (γpc).   Note that δfT will equal zero when the lunar fraction f equals the 
asymptotic fraction fa (see Section 8).  This zero or asymptotic condition is important in impact 
analytics in that DE will always equal Dm for any combination of impactor and proto-Earth isotope 
values.  Modifying the SPH models such that f = γc would certainly be one solution for the lunar 
isotope catastrophe. 
 
 Using the 4BMB relationships an oxygen contour plot similar to the one developed by 
Young et al., 2016 (Figure A7-1) can be constructed starting with equation [3.34] as follows: 
∆𝐷𝐷𝑚𝑚−𝐸𝐸 = [𝑓𝑓 + 𝑓𝑓𝛾𝛾 − 𝛾𝛾](𝐷𝐷𝑖𝑖 − 𝐷𝐷𝑝𝑝)(1 + 𝛾𝛾)     [𝐴𝐴7.8] [𝑑𝑑𝐸𝐸𝐸𝐸 3.34:  4BMB 𝐷𝐷𝐴𝐴𝑓𝑓𝑓𝑓 𝑀𝑀 − 𝐸𝐸] 
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(𝐷𝐷𝑚𝑚 − 𝐷𝐷𝐸𝐸) = [𝑓𝑓(1 + 𝛾𝛾) − 𝛾𝛾](1 + 𝛾𝛾)   (𝐷𝐷𝑖𝑖 − 𝐷𝐷𝑝𝑝)  [𝐴𝐴7.9]  
(𝐷𝐷𝑚𝑚 − 𝐷𝐷𝐸𝐸) = �𝑓𝑓(1 + 𝛾𝛾)(1 + 𝛾𝛾) − 𝛾𝛾(1 + 𝛾𝛾)�   (𝐷𝐷𝑖𝑖 − 𝐷𝐷𝑝𝑝)  [𝐴𝐴7.10]  
(𝐷𝐷𝑚𝑚 − 𝐷𝐷𝐸𝐸) = (𝑓𝑓 − 𝛾𝛾𝑐𝑐)  (𝐷𝐷𝑖𝑖 − 𝐷𝐷𝑝𝑝)  [𝐴𝐴7.11]  
(𝑓𝑓 − 𝛾𝛾𝑐𝑐) =   (𝐷𝐷𝑚𝑚 − 𝐷𝐷𝐸𝐸)(𝐷𝐷𝑖𝑖 − 𝐷𝐷𝑝𝑝)   [𝐴𝐴7.12]  
(𝑓𝑓 − 𝛾𝛾𝑐𝑐)   = (𝐷𝐷𝑚𝑚 − 𝐷𝐷𝐸𝐸)(𝐷𝐷𝑖𝑖 − 𝐷𝐷𝑝𝑝)−1  [𝐴𝐴7.13] [𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑 𝑐𝑐𝑝𝑝𝐸𝐸𝑝𝑝𝑝𝑝𝐸𝐸𝐸𝐸𝑝𝑝]  
 The isotope contours equation A7.13 represents a power function of the form [y = A xn], 
where y represents the difference in the mass fractions of impactor material in the Moon and 
Earth, A is a constant coefficient equal to the measured difference in the isotope values for the 
Moon and the Earth, x is the isotope difference between the impactor and the proto-Earth, and 
n = -1 which is typical for hyperbolic functions.  Different values for A will form different (nested) 
hyperbolic curves, visible in the plot as the 2 ppm (0.002‰) isotope difference contours.  The 
horizontal x-axis in the figure represents the asymptotic case where f = γc = fa and any values for 
Di and Dp are possible. The y-axis in the figure represents the case of an impactor which has the 
same isotope values as the proto-Earth with which it collides, which by default will cause the 
Earth and Moon to have the same values as well.  While the vertical and horizontal asymptote 
scenarios are interesting they do not as of yet appear to be practical solutions since SPH modeling 
indicates that the fractions were probably different and isotope samples from meteorites 
indicate that the impactor was likely not identical with the proto-Earth.  The labels to the right 
and at the top of the figure are the corresponding notation used by Young.  
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APPENDIX B1: 4BMB Comprehensive Dataset for Figure 7-5  
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0.188 0.174 27% 0.063 0.060 0.041 0.041 0.042 0.068
0.196 0.182 28% 0.067 0.063 0.043 0.043 0.045 0.067
0.203 0.189 29% 0.070 0.067 0.046 0.046 0.048 0.067
0.211 0.197 30% 0.074 0.070 0.048 0.049 0.051 0.066
0.219 0.204 31% 0.077 0.074 0.051 0.051 0.054 0.066
0.227 0.212 32% 0.081 0.078 0.053 0.054 0.057 0.066
0.235 0.220 33% 0.084 0.081 0.056 0.057 0.059 0.065
0.244 0.227 34% 0.088 0.085 0.059 0.060 0.062 0.065
0.252 0.235 35% 0.091 0.088 0.061 0.063 0.065 0.064
0.260 0.243 36% 0.095 0.092 0.064 0.065 0.068 0.064
0.269 0.251 37% 0.098 0.095 0.067 0.068 0.071 0.063
0.277 0.259 38% 0.102 0.099 0.069 0.071 0.074 0.063
0.286 0.268 39% 0.105 0.102 0.072 0.074 0.077 0.062
0.294 0.276 40% 0.109 0.106 0.075 0.077 0.080 0.062
0.303 0.284 41% 0.112 0.110 0.078 0.080 0.083 0.061
0.312 0.293 42% 0.116 0.113 0.081 0.083 0.086 0.060
0.320 0.301 43% 0.119 0.117 0.084 0.086 0.089 0.060
0.329 0.310 44% 0.123 0.120 0.087 0.089 0.093 0.059
0.338 0.319 45% 0.126 0.124 0.089 0.092 0.096 0.059
0.347 0.327 46% 0.130 0.127 0.092 0.096 0.099 0.058
0.357 0.336 47% 0.133 0.131 0.095 0.099 0.102 0.058
0.366 0.345 48% 0.137 0.135 0.099 0.102 0.105 0.057
0.375 0.354 49% 0.140 0.138 0.102 0.105 0.109 0.057
0.385 0.364 50% 0.144 0.142 0.105 0.108 0.112 0.056
0.394 0.373 51% 0.148 0.145 0.108 0.112 0.115 0.056
0.404 0.382 52% 0.151 0.149 0.111 0.115 0.119 0.055
0.413 0.392 53% 0.155 0.152 0.114 0.118 0.122 0.054
0.423 0.401 54% 0.158 0.156 0.118 0.122 0.125 0.054
0.433 0.411 55% 0.162 0.160 0.121 0.125 0.129 0.053
0.443 0.421 56% 0.165 0.163 0.124 0.128 0.132 0.053
0.453 0.431 57% 0.169 0.167 0.128 0.132 0.136 0.052
0.463 0.441 58% 0.172 0.170 0.131 0.135 0.139 0.052
0.474 0.451 59% 0.176 0.174 0.134 0.139 0.143 0.051
0.484 0.462 60% 0.179 0.177 0.138 0.142 0.147 0.050
0.494 0.472 61% 0.183 0.181 0.141 0.146 0.150 0.050
0.505 0.482 62% 0.186 0.185 0.145 0.150 0.154 0.049
0.516 0.493 63% 0.190 0.188 0.149 0.153 0.157 0.049
0.526 0.504 64% 0.193 0.192 0.152 0.157 0.161 0.048
0.537 0.515 65% 0.197 0.195 0.156 0.161 0.165 0.047
0.548 0.526 66% 0.200 0.199 0.160 0.165 0.169 0.047
0.559 0.537 67% 0.204 0.202 0.163 0.168 0.172 0.046
0.570 0.548 68% 0.207 0.206 0.167 0.172 0.176 0.045
0.582 0.560 69% 0.211 0.209 0.171 0.176 0.180 0.045
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APPENDIX B2: 4BMB Comprehensive Dataset for Figure 7-6  
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0.188 0.174 27% 0.040 0.033 0.026 0.021 0.022 0.146
0.196 0.182 28% 0.044 0.037 0.028 0.024 0.025 0.145
0.203 0.189 29% 0.047 0.041 0.031 0.027 0.028 0.145
0.211 0.197 30% 0.051 0.045 0.034 0.030 0.031 0.144
0.219 0.204 31% 0.055 0.049 0.036 0.033 0.034 0.144
0.227 0.212 32% 0.059 0.053 0.039 0.036 0.037 0.143
0.235 0.220 33% 0.063 0.057 0.042 0.039 0.040 0.143
0.244 0.227 34% 0.067 0.061 0.045 0.042 0.044 0.142
0.252 0.235 35% 0.070 0.064 0.047 0.045 0.047 0.142
0.260 0.243 36% 0.074 0.068 0.050 0.048 0.050 0.141
0.269 0.251 37% 0.078 0.072 0.053 0.051 0.053 0.140
0.277 0.259 38% 0.082 0.076 0.056 0.054 0.056 0.140
0.286 0.268 39% 0.086 0.080 0.059 0.057 0.060 0.139
0.294 0.276 40% 0.090 0.084 0.062 0.060 0.063 0.139
0.303 0.284 41% 0.093 0.088 0.065 0.063 0.066 0.138
0.312 0.293 42% 0.097 0.092 0.068 0.067 0.069 0.138
0.320 0.301 43% 0.101 0.096 0.071 0.070 0.073 0.137
0.329 0.310 44% 0.105 0.100 0.074 0.073 0.076 0.136
0.338 0.319 45% 0.109 0.104 0.077 0.077 0.080 0.136
0.347 0.327 46% 0.113 0.108 0.080 0.080 0.083 0.135
0.357 0.336 47% 0.116 0.112 0.083 0.083 0.086 0.134
0.366 0.345 48% 0.120 0.116 0.087 0.087 0.090 0.134
0.375 0.354 49% 0.124 0.119 0.090 0.090 0.093 0.133
0.385 0.364 50% 0.128 0.123 0.093 0.094 0.097 0.133
0.394 0.373 51% 0.132 0.127 0.096 0.097 0.101 0.132
0.404 0.382 52% 0.136 0.131 0.100 0.101 0.104 0.131
0.413 0.392 53% 0.140 0.135 0.103 0.104 0.108 0.131
0.423 0.401 54% 0.143 0.139 0.107 0.108 0.111 0.130
0.433 0.411 55% 0.147 0.143 0.110 0.111 0.115 0.129
0.443 0.421 56% 0.151 0.147 0.114 0.115 0.119 0.129
0.453 0.431 57% 0.155 0.151 0.117 0.119 0.123 0.128
0.463 0.441 58% 0.159 0.155 0.121 0.122 0.126 0.127
0.474 0.451 59% 0.163 0.159 0.124 0.126 0.130 0.127
0.484 0.462 60% 0.166 0.163 0.128 0.130 0.134 0.126
0.494 0.472 61% 0.170 0.167 0.132 0.134 0.138 0.125
0.505 0.482 62% 0.174 0.171 0.135 0.138 0.142 0.125
0.516 0.493 63% 0.178 0.175 0.139 0.142 0.146 0.124
0.526 0.504 64% 0.182 0.178 0.143 0.146 0.150 0.123
0.537 0.515 65% 0.186 0.182 0.147 0.150 0.154 0.122
0.548 0.526 66% 0.189 0.186 0.151 0.154 0.158 0.122
0.559 0.537 67% 0.193 0.190 0.155 0.158 0.162 0.121
0.570 0.548 68% 0.197 0.194 0.159 0.162 0.166 0.120
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0.188 0.174 27% -0.158 -0.149 -0.102 -0.101 -0.106 0.068
0.196 0.182 28% -0.166 -0.158 -0.108 -0.108 -0.113 0.067
0.203 0.189 29% -0.175 -0.167 -0.114 -0.115 -0.120 0.067
0.211 0.197 30% -0.184 -0.176 -0.121 -0.122 -0.127 0.066
0.219 0.204 31% -0.193 -0.185 -0.127 -0.129 -0.134 0.066
0.227 0.212 32% -0.202 -0.194 -0.134 -0.135 -0.141 0.066
0.235 0.220 33% -0.210 -0.203 -0.140 -0.142 -0.149 0.065
0.244 0.227 34% -0.219 -0.212 -0.147 -0.149 -0.156 0.065
0.252 0.235 35% -0.228 -0.221 -0.153 -0.157 -0.163 0.064
0.260 0.243 36% -0.237 -0.229 -0.160 -0.164 -0.170 0.064
0.269 0.251 37% -0.246 -0.238 -0.167 -0.171 -0.178 0.063
0.277 0.259 38% -0.254 -0.247 -0.174 -0.178 -0.185 0.063
0.286 0.268 39% -0.263 -0.256 -0.181 -0.186 -0.193 0.062
0.294 0.276 40% -0.272 -0.265 -0.188 -0.193 -0.201 0.062
0.303 0.284 41% -0.281 -0.274 -0.195 -0.200 -0.208 0.061
0.312 0.293 42% -0.290 -0.283 -0.202 -0.208 -0.216 0.060
0.320 0.301 43% -0.298 -0.292 -0.209 -0.216 -0.224 0.060
0.329 0.310 44% -0.307 -0.301 -0.216 -0.223 -0.232 0.059
0.338 0.319 45% -0.316 -0.310 -0.224 -0.231 -0.239 0.059
0.347 0.327 46% -0.325 -0.319 -0.231 -0.239 -0.247 0.058
0.357 0.336 47% -0.334 -0.328 -0.239 -0.247 -0.256 0.058
0.366 0.345 48% -0.342 -0.336 -0.246 -0.255 -0.264 0.057
0.375 0.354 49% -0.351 -0.345 -0.254 -0.263 -0.272 0.057
0.385 0.364 50% -0.360 -0.354 -0.262 -0.271 -0.280 0.056
0.394 0.373 51% -0.369 -0.363 -0.270 -0.279 -0.288 0.056
0.404 0.382 52% -0.378 -0.372 -0.278 -0.287 -0.297 0.055
0.413 0.392 53% -0.386 -0.381 -0.286 -0.296 -0.305 0.054
0.423 0.401 54% -0.395 -0.390 -0.294 -0.304 -0.314 0.054
0.433 0.411 55% -0.404 -0.399 -0.302 -0.312 -0.322 0.053
0.443 0.421 56% -0.413 -0.408 -0.310 -0.321 -0.331 0.053
0.453 0.431 57% -0.422 -0.417 -0.319 -0.330 -0.340 0.052
0.463 0.441 58% -0.430 -0.426 -0.327 -0.338 -0.348 0.052
0.474 0.451 59% -0.439 -0.435 -0.336 -0.347 -0.357 0.051
0.484 0.462 60% -0.448 -0.443 -0.345 -0.356 -0.366 0.050
0.494 0.472 61% -0.457 -0.452 -0.353 -0.365 -0.375 0.050
0.505 0.482 62% -0.466 -0.461 -0.362 -0.374 -0.384 0.049
0.516 0.493 63% -0.474 -0.470 -0.371 -0.383 -0.394 0.049
0.526 0.504 64% -0.483 -0.479 -0.380 -0.393 -0.403 0.048
0.537 0.515 65% -0.492 -0.488 -0.390 -0.402 -0.412 0.047
0.548 0.526 66% -0.501 -0.497 -0.399 -0.411 -0.422 0.047
0.559 0.537 67% -0.510 -0.506 -0.408 -0.421 -0.431 0.046
0.570 0.548 68% -0.518 -0.515 -0.418 -0.431 -0.441 0.045
0.582 0.560 69% -0.527 -0.524 -0.428 -0.440 -0.450 0.045
0.593 0.571 70% -0.536 -0.533 -0.438 -0.450 -0.460 0.044
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0.188 0.174 27% -0.099 -0.083 -0.064 -0.053 -0.055 0.146
0.196 0.182 28% -0.109 -0.092 -0.071 -0.060 -0.063 0.145
0.203 0.189 29% -0.118 -0.102 -0.077 -0.067 -0.070 0.145
0.211 0.197 30% -0.128 -0.112 -0.084 -0.074 -0.078 0.144
0.219 0.204 31% -0.138 -0.122 -0.091 -0.082 -0.086 0.144
0.227 0.212 32% -0.147 -0.132 -0.097 -0.089 -0.093 0.143
0.235 0.220 33% -0.157 -0.141 -0.104 -0.097 -0.101 0.143
0.244 0.227 34% -0.166 -0.151 -0.111 -0.104 -0.109 0.142
0.252 0.235 35% -0.176 -0.161 -0.118 -0.112 -0.117 0.142
0.260 0.243 36% -0.186 -0.171 -0.125 -0.119 -0.125 0.141
0.269 0.251 37% -0.195 -0.181 -0.133 -0.127 -0.133 0.140
0.277 0.259 38% -0.205 -0.191 -0.140 -0.135 -0.141 0.140
0.286 0.268 39% -0.214 -0.200 -0.147 -0.143 -0.149 0.139
0.294 0.276 40% -0.224 -0.210 -0.154 -0.151 -0.157 0.139
0.303 0.284 41% -0.234 -0.220 -0.162 -0.159 -0.165 0.138
0.312 0.293 42% -0.243 -0.230 -0.169 -0.167 -0.174 0.138
0.320 0.301 43% -0.253 -0.240 -0.177 -0.175 -0.182 0.137
0.329 0.310 44% -0.262 -0.250 -0.185 -0.183 -0.190 0.136
0.338 0.319 45% -0.272 -0.259 -0.193 -0.191 -0.199 0.136
0.347 0.327 46% -0.282 -0.269 -0.200 -0.200 -0.207 0.135
0.357 0.336 47% -0.291 -0.279 -0.208 -0.208 -0.216 0.134
0.366 0.345 48% -0.301 -0.289 -0.216 -0.217 -0.225 0.134
0.375 0.354 49% -0.310 -0.299 -0.225 -0.225 -0.234 0.133
0.385 0.364 50% -0.320 -0.309 -0.233 -0.234 -0.242 0.133
0.394 0.373 51% -0.330 -0.318 -0.241 -0.243 -0.251 0.132
0.404 0.382 52% -0.339 -0.328 -0.249 -0.251 -0.260 0.131
0.413 0.392 53% -0.349 -0.338 -0.258 -0.260 -0.269 0.131
0.423 0.401 54% -0.358 -0.348 -0.266 -0.269 -0.279 0.130
0.433 0.411 55% -0.368 -0.358 -0.275 -0.278 -0.288 0.129
0.443 0.421 56% -0.378 -0.368 -0.284 -0.288 -0.297 0.129
0.453 0.431 57% -0.387 -0.377 -0.293 -0.297 -0.306 0.128
0.463 0.441 58% -0.397 -0.387 -0.302 -0.306 -0.316 0.127
0.474 0.451 59% -0.406 -0.397 -0.311 -0.316 -0.325 0.127
0.484 0.462 60% -0.416 -0.407 -0.320 -0.325 -0.335 0.126
0.494 0.472 61% -0.426 -0.417 -0.329 -0.335 -0.345 0.125
0.505 0.482 62% -0.435 -0.427 -0.339 -0.344 -0.355 0.125
0.516 0.493 63% -0.445 -0.436 -0.348 -0.354 -0.364 0.124
0.526 0.504 64% -0.454 -0.446 -0.358 -0.364 -0.374 0.123
0.537 0.515 65% -0.464 -0.456 -0.368 -0.374 -0.384 0.122
0.548 0.526 66% -0.474 -0.466 -0.377 -0.384 -0.395 0.122
0.559 0.537 67% -0.483 -0.476 -0.387 -0.395 -0.405 0.121
0.570 0.548 68% -0.493 -0.485 -0.397 -0.405 -0.415 0.120
0.582 0.560 69% -0.502 -0.495 -0.408 -0.415 -0.425 0.119
0.593 0.571 70% -0.512 -0.505 -0.418 -0.426 -0.436 0.119
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APPENDIX C1: 4BMB Comprehensive Dataset for Figure 8-3 
 
Di-impactor isotope calculator 4BMB FFe proto-Earth= 30%
Wiechert and Halliday, 2001  γ = 0.1 γc = 0.091
Oxygen Dataset F'Fe = 15% FFe-non-ice= 30%
J. Wolbeck Fice = 50% FSi-non-ice= 70%
ejecta n = 5%
model-> 4BMB 4BMB Dp Core ice  ** core & ice + esc    
isotope # DEarth= -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 *
isotope # DMoon= 0.008 0.008 0.008 0.008 0.008 0.008
Si Fraction Bulk FSi = 70.0% 70.0% 85.0% 20.0% 35.0% 35.0%
asymptotesf a =γC-eff=> 0.091 -- 0.108 0.091 0.125 0.125
core&ice ice only γ γ Si-core γSi-ice ** γSi-ci γSi-cie*
calculated calculated γ eff=> 0.100 -- 0.121 0.029 0.059 ___
f ice-ci f  ice f Di Dp Di -core Di - ice Di core ice Di-cie γSi-cie
0.000 0.000 0.00% -0.300 0.008 -0.251 -1.000 -0.496 -0.471 0.062
0.004 0.003 1.00% -0.335 0.011 -0.274 -1.113 -0.534 -0.507 0.062
0.008 0.006 2.00% -0.379 0.016 -0.303 -1.258 -0.580 -0.551 0.062
0.013 0.009 3.00% -0.438 0.022 -0.339 -1.451 -0.635 -0.603 0.061
0.017 0.012 4.00% -0.520 0.030 -0.386 -1.720 -0.704 -0.668 0.061
0.021 0.015 5.00% -0.642 0.042 -0.448 -2.120 -0.790 -0.750 0.061
0.026 0.018 6.00% -0.844 0.062 -0.537 -2.779 -0.903 -0.858 0.061
0.030 0.021 7.00% -1.237 0.102 -0.672 -4.068 -1.057 -1.004 0.060
0.035 0.024 8.00% -2.353 0.213 -0.903 -7.720 -1.280 -1.216 0.060
0.039 0.027 9.00% -28.020 2.780 -1.386 -91.720 -1.630 -1.548 0.060
0.044 0.031 10.00% 2.780 -0.300 -3.035 9.080 -2.260 -2.147 0.060
0.048 0.034 11.00% 1.313 -0.153 14.499 4.280 -3.730 -3.543 0.059
0.053 0.038 12.00% 0.855 -0.108 2.110 2.780 -11.080 -10.526 0.059
0.058 0.041 13.00% 0.631 -0.085 1.130 2.047 10.970 10.422 0.059
0.063 0.044 14.00% 0.499 -0.072 0.767 1.613 3.620 3.439 0.058
0.068 0.048 15.00% 0.411 -0.063 0.578 1.326 2.150 2.043 0.058
0.073 0.052 16.00% 0.348 -0.057 0.463 1.122 1.520 1.444 0.058
0.078 0.055 17.00% 0.302 -0.052 0.385 0.970 1.170 1.112 0.058
0.083 0.059 18.00% 0.266 -0.049 0.328 0.851 0.947 0.900 0.057
0.088 0.063 19.00% 0.237 -0.046 0.286 0.757 0.793 0.754 0.057
0.093 0.067 20.00% 0.213 -0.043 0.252 0.680 0.680 0.646 0.057
0.099 0.071 21.00% 0.194 -0.041 0.225 0.616 0.594 0.564 0.056
0.104 0.075 22.00% 0.177 -0.040 0.203 0.562 0.525 0.499 0.056
0.110 0.079 23.00% 0.163 -0.038 0.185 0.515 0.470 0.447 0.056
0.115 0.083 24.00% 0.151 -0.037 0.170 0.475 0.424 0.404 0.055
0.121 0.087 25.00% 0.140 -0.036 0.156 0.440 0.386 0.367 0.055
0.126 0.091 26.00% 0.131 -0.035 0.145 0.409 0.353 0.336 0.055
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0.132 0.096 27.00% 0.122 -0.034 0.134 0.382 0.325 0.309 0.054
0.138 0.100 28.00% 0.115 -0.033 0.125 0.357 0.301 0.286 0.054
0.144 0.105 29.00% 0.108 -0.033 0.117 0.335 0.279 0.266 0.054
0.150 0.109 30.00% 0.102 -0.032 0.110 0.315 0.260 0.247 0.053
0.156 0.114 31.00% 0.096 -0.032 0.104 0.297 0.243 0.231 0.053
0.162 0.119 32.00% 0.091 -0.031 0.098 0.280 0.228 0.217 0.053
0.169 0.123 33.00% 0.086 -0.031 0.093 0.265 0.214 0.204 0.052
0.175 0.128 34.00% 0.082 -0.030 0.088 0.251 0.201 0.192 0.052
0.181 0.133 35.00% 0.078 -0.030 0.083 0.238 0.190 0.181 0.051
0.188 0.138 36.00% 0.075 -0.029 0.079 0.226 0.180 0.171 0.051
0.195 0.144 37.00% 0.071 -0.029 0.075 0.215 0.170 0.162 0.051
0.202 0.149 38.00% 0.068 -0.029 0.072 0.205 0.161 0.154 0.050
0.208 0.154 39.00% 0.065 -0.029 0.069 0.195 0.153 0.146 0.050
0.215 0.160 40.00% 0.062 -0.028 0.066 0.186 0.145 0.139 0.049
0.222 0.166 41.00% 0.060 -0.028 0.063 0.177 0.138 0.132 0.049
0.230 0.171 42.00% 0.057 -0.028 0.060 0.170 0.132 0.126 0.049
0.237 0.177 43.00% 0.055 -0.028 0.058 0.162 0.126 0.120 0.048
0.244 0.183 44.00% 0.053 -0.027 0.055 0.155 0.120 0.114 0.048
0.252 0.189 45.00% 0.051 -0.027 0.053 0.148 0.115 0.109 0.047
0.260 0.196 46.00% 0.049 -0.027 0.051 0.142 0.110 0.104 0.047
0.267 0.202 47.00% 0.047 -0.027 0.049 0.136 0.105 0.100 0.046
0.275 0.209 48.00% 0.045 -0.027 0.047 0.130 0.100 0.096 0.046
0.283 0.215 49.00% 0.044 -0.026 0.045 0.125 0.096 0.092 0.046
0.292 0.222 50.00% 0.042 -0.026 0.044 0.120 0.092 0.088 0.045
0.300 0.229 51.00% 0.041 -0.026 0.042 0.115 0.088 0.084 0.045
0.308 0.236 52.00% 0.039 -0.026 0.041 0.111 0.085 0.081 0.044
0.317 0.244 53.00% 0.038 -0.026 0.039 0.106 0.081 0.077 0.044
0.326 0.251 54.00% 0.037 -0.026 0.038 0.102 0.078 0.074 0.043
0.335 0.259 55.00% 0.035 -0.026 0.037 0.098 0.075 0.071 0.043
0.344 0.267 56.00% 0.034 -0.025 0.035 0.094 0.072 0.069 0.042
0.353 0.275 57.00% 0.033 -0.025 0.034 0.090 0.069 0.066 0.042
0.363 0.283 58.00% 0.032 -0.025 0.033 0.087 0.066 0.063 0.041
0.372 0.291 59.00% 0.031 -0.025 0.032 0.083 0.064 0.061 0.040
0.382 0.300 60.00% 0.030 -0.025 0.031 0.080 0.061 0.058 0.040
0.392 0.309 61.00% 0.029 -0.025 0.030 0.077 0.059 0.056 0.039
0.402 0.318 62.00% 0.028 -0.025 0.029 0.074 0.056 0.054 0.039
0.412 0.327 63.00% 0.027 -0.025 0.028 0.071 0.054 0.052 0.038
0.423 0.337 64.00% 0.026 -0.025 0.027 0.068 0.052 0.050 0.038
0.433 0.347 65.00% 0.026 -0.025 0.026 0.065 0.050 0.048 0.037
0.444 0.357 66.00% 0.025 -0.024 0.025 0.063 0.048 0.046 0.036
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0.455 0.367 67.00% 0.024 -0.024 0.024 0.060 0.046 0.044 0.036
0.467 0.378 68.00% 0.023 -0.024 0.024 0.058 0.044 0.043 0.035
0.478 0.389 69.00% 0.022 -0.024 0.023 0.055 0.043 0.041 0.034
0.490 0.400 70.00% 0.022 -0.024 0.022 0.053 0.041 0.039 0.034
0.502 0.412 71.00% 0.021 -0.024 0.021 0.051 0.039 0.038 0.033
0.514 0.424 72.00% 0.020 -0.024 0.021 0.049 0.038 0.036 0.032
0.527 0.436 73.00% 0.020 -0.024 0.020 0.047 0.036 0.035 0.032
0.540 0.448 74.00% 0.019 -0.024 0.020 0.045 0.035 0.033 0.031
0.553 0.462 75.00% 0.019 -0.024 0.019 0.043 0.033 0.032 0.030
0.566 0.475 76.00% 0.018 -0.024 0.018 0.041 0.032 0.031 0.030
0.580 0.489 77.00% 0.017 -0.024 0.018 0.039 0.030 0.029 0.029
0.593 0.503 78.00% 0.017 -0.024 0.017 0.037 0.029 0.028 0.028
0.608 0.518 79.00% 0.016 -0.024 0.017 0.036 0.028 0.027 0.027
0.622 0.533 80.00% 0.016 -0.024 0.016 0.034 0.027 0.026 0.026
0.637 0.549 81.00% 0.015 -0.024 0.016 0.032 0.025 0.025 0.026
0.652 0.566 82.00% 0.015 -0.023 0.015 0.031 0.024 0.024 0.025
0.668 0.582 83.00% 0.014 -0.023 0.015 0.029 0.023 0.022 0.024
0.684 0.600 84.00% 0.014 -0.023 0.014 0.028 0.022 0.021 0.023
0.700 0.618 85.00% 0.014 -0.023 0.014 0.026 0.021 0.020 0.022
0.717 0.637 86.00% 0.013 -0.023 0.013 0.025 0.020 0.019 0.021
0.734 0.657 87.00% 0.013 -0.023 0.013 0.023 0.019 0.018 0.020
0.751 0.677 88.00% 0.012 -0.023 0.012 0.022 0.018 0.018 0.019
0.769 0.698 89.00% 0.012 -0.023 0.012 0.021 0.017 0.017 0.018
0.788 0.720 90.00% 0.011 -0.023 0.012 0.019 0.016 0.016 0.017
0.806 0.743 91.00% 0.011 -0.023 0.011 0.018 0.015 0.015 0.016
0.826 0.767 92.00% 0.011 -0.023 0.011 0.017 0.014 0.014 0.015
0.845 0.791 93.00% 0.010 -0.023 0.010 0.016 0.013 0.013 0.014
0.866 0.817 94.00% 0.010 -0.023 0.010 0.014 0.013 0.012 0.013
0.887 0.844 95.00% 0.010 -0.023 0.010 0.013 0.012 0.012 0.012
0.908 0.873 96.00% 0.009 -0.023 0.009 0.012 0.011 0.011 0.011
0.930 0.902 97.00% 0.009 -0.023 0.009 0.011 0.010 0.010 0.010
0.953 0.933 98.00% 0.009 -0.023 0.009 0.010 0.009 0.009 0.008
0.976 0.966 99.00% 0.008 -0.023 0.008 0.009 0.009 0.009 0.007
1.000 1.000 100.00% 0.008 -0.023 0.008 0.008 0.008 0.008 0.006
model-> 4BMB Dp core ice  ** core & ice + esc    
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APPENDIX C2: 4BMB Comprehensive Dataset for Figure 8-5 
 
 
Di-impactor isotope calculator 4BMB FFe proto-Earth= 30%
Wiechert and Halliday, 2001  γ = 0.1 γc = 0.091
Oxygen Dataset F'Fe = 25% FFe-non-ice= 29%
J. Wolbeck Fice = 15% FSi-non-ice= 71%
ejecta n = 5%
model-> 4BMB 4BMB Dp Core ice  ** core & ice + esc    
isotope # DEarth= -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 *
isotope # DMoon= 0.008 0.008 0.008 0.008 0.008 0.008
Si Fraction Bulk FSi = 70.0% 70.0% 75.0% 55.0% 60.0% 60.0%
asymptote f a =γC-eff=> 0.091 -- 0.097 0.091 0.098 0.098
core&ice ice only γ γ Si-core γSi-ice ** γSi-ci γSi-cie*
calculated calculated γ eff=> 0.100 -- 0.107 0.079 0.087 ___
f ice-ci f  ice f Di Dp Di -core Di - ice Di core ice Di-cie γSi-cie
0.000 0.000 0.00% -0.300 0.008 -0.281 -0.376 -0.343 -0.326 0.092
0.008 0.008 1.00% -0.335 0.011 -0.311 -0.420 -0.379 -0.360 0.091
0.016 0.016 2.00% -0.379 0.016 -0.349 -0.475 -0.425 -0.403 0.091
0.024 0.024 3.00% -0.438 0.022 -0.399 -0.548 -0.483 -0.459 0.090
0.032 0.032 4.00% -0.520 0.030 -0.465 -0.651 -0.563 -0.534 0.090
0.040 0.040 5.00% -0.642 0.042 -0.561 -0.803 -0.675 -0.641 0.089
0.049 0.048 6.00% -0.844 0.062 -0.708 -1.055 -0.847 -0.804 0.089
0.057 0.056 7.00% -1.237 0.102 -0.965 -1.546 -1.142 -1.085 0.088
0.065 0.064 8.00% -2.353 0.213 -1.528 -2.939 -1.771 -1.682 0.088
0.073 0.072 9.00% -28.020 2.780 -3.753 -34.969 -4.024 -3.823 0.087
0.082 0.080 10.00% 2.780 -0.300 7.820 3.467 13.700 13.015 0.087
0.090 0.089 11.00% 1.313 -0.153 1.892 1.637 2.500 2.375 0.086
0.098 0.097 12.00% 0.855 -0.108 1.069 1.065 1.365 1.297 0.086
0.107 0.105 13.00% 0.631 -0.085 0.741 0.786 0.934 0.887 0.085
0.115 0.113 14.00% 0.499 -0.072 0.565 0.620 0.706 0.671 0.084
0.124 0.122 15.00% 0.411 -0.063 0.455 0.511 0.566 0.538 0.084
0.132 0.130 16.00% 0.348 -0.057 0.380 0.433 0.471 0.448 0.083
0.141 0.139 17.00% 0.302 -0.052 0.325 0.375 0.402 0.382 0.083
0.149 0.147 18.00% 0.266 -0.049 0.284 0.330 0.350 0.333 0.082
0.158 0.156 19.00% 0.237 -0.046 0.251 0.294 0.309 0.294 0.082
0.167 0.164 20.00% 0.213 -0.043 0.225 0.264 0.276 0.263 0.081
0.175 0.173 21.00% 0.194 -0.041 0.203 0.240 0.249 0.237 0.081
0.184 0.181 22.00% 0.177 -0.040 0.185 0.219 0.227 0.216 0.080
0.193 0.190 23.00% 0.163 -0.038 0.170 0.201 0.208 0.198 0.080
0.202 0.199 24.00% 0.151 -0.037 0.157 0.186 0.191 0.182 0.079
0.211 0.208 25.00% 0.140 -0.036 0.145 0.173 0.177 0.169 0.079
0.219 0.216 26.00% 0.131 -0.035 0.135 0.161 0.165 0.157 0.078
 175 
 
 
 
 
 
 
0.228 0.225 27.00% 0.122 -0.034 0.126 0.150 0.153 0.146 0.078
0.237 0.234 28.00% 0.115 -0.033 0.118 0.141 0.144 0.137 0.077
0.246 0.243 29.00% 0.108 -0.033 0.111 0.133 0.135 0.128 0.076
0.255 0.252 30.00% 0.102 -0.032 0.104 0.125 0.127 0.121 0.076
0.264 0.261 31.00% 0.096 -0.032 0.099 0.118 0.120 0.114 0.075
0.274 0.270 32.00% 0.091 -0.031 0.093 0.112 0.113 0.108 0.075
0.283 0.279 33.00% 0.086 -0.031 0.088 0.106 0.107 0.102 0.074
0.292 0.288 34.00% 0.082 -0.030 0.084 0.101 0.101 0.097 0.074
0.301 0.297 35.00% 0.078 -0.030 0.080 0.096 0.096 0.092 0.073
0.310 0.307 36.00% 0.075 -0.029 0.076 0.091 0.092 0.088 0.073
0.320 0.316 37.00% 0.071 -0.029 0.073 0.087 0.087 0.083 0.072
0.329 0.325 38.00% 0.068 -0.029 0.069 0.083 0.083 0.080 0.071
0.338 0.334 39.00% 0.065 -0.029 0.066 0.079 0.080 0.076 0.071
0.348 0.344 40.00% 0.062 -0.028 0.063 0.076 0.076 0.073 0.070
0.357 0.353 41.00% 0.060 -0.028 0.061 0.073 0.073 0.070 0.070
0.367 0.363 42.00% 0.057 -0.028 0.058 0.070 0.070 0.067 0.069
0.376 0.372 43.00% 0.055 -0.028 0.056 0.067 0.067 0.064 0.069
0.386 0.382 44.00% 0.053 -0.027 0.054 0.064 0.064 0.061 0.068
0.396 0.391 45.00% 0.051 -0.027 0.052 0.062 0.062 0.059 0.067
0.405 0.401 46.00% 0.049 -0.027 0.050 0.059 0.059 0.057 0.067
0.415 0.411 47.00% 0.047 -0.027 0.048 0.057 0.057 0.054 0.066
0.425 0.420 48.00% 0.045 -0.027 0.046 0.055 0.055 0.052 0.066
0.435 0.430 49.00% 0.044 -0.026 0.044 0.053 0.053 0.050 0.065
0.444 0.440 50.00% 0.042 -0.026 0.043 0.051 0.051 0.049 0.064
0.454 0.450 51.00% 0.041 -0.026 0.041 0.049 0.049 0.047 0.064
0.464 0.460 52.00% 0.039 -0.026 0.040 0.047 0.047 0.045 0.063
0.474 0.470 53.00% 0.038 -0.026 0.038 0.045 0.045 0.043 0.063
0.484 0.480 54.00% 0.037 -0.026 0.037 0.044 0.044 0.042 0.062
0.494 0.490 55.00% 0.035 -0.026 0.036 0.042 0.042 0.040 0.061
0.505 0.500 56.00% 0.034 -0.025 0.035 0.041 0.041 0.039 0.061
0.515 0.510 57.00% 0.033 -0.025 0.033 0.039 0.039 0.038 0.060
0.525 0.520 58.00% 0.032 -0.025 0.032 0.038 0.038 0.036 0.060
0.535 0.531 59.00% 0.031 -0.025 0.031 0.037 0.037 0.035 0.059
0.545 0.541 60.00% 0.030 -0.025 0.030 0.035 0.035 0.034 0.058
0.556 0.551 61.00% 0.029 -0.025 0.029 0.034 0.034 0.033 0.058
0.566 0.562 62.00% 0.028 -0.025 0.028 0.033 0.033 0.032 0.057
0.577 0.572 63.00% 0.027 -0.025 0.027 0.032 0.032 0.031 0.057
0.587 0.583 64.00% 0.026 -0.025 0.027 0.031 0.031 0.030 0.056
0.598 0.593 65.00% 0.026 -0.025 0.026 0.030 0.030 0.029 0.055
0.608 0.604 66.00% 0.025 -0.024 0.025 0.029 0.029 0.028 0.055
 176 
 
 
 
 
 
 
 
 
  
0.619 0.615 67.00% 0.024 -0.024 0.024 0.028 0.028 0.027 0.054
0.630 0.625 68.00% 0.023 -0.024 0.023 0.027 0.027 0.026 0.054
0.640 0.636 69.00% 0.022 -0.024 0.023 0.026 0.026 0.025 0.053
0.651 0.647 70.00% 0.022 -0.024 0.022 0.025 0.025 0.024 0.052
0.662 0.658 71.00% 0.021 -0.024 0.021 0.024 0.024 0.023 0.052
0.673 0.669 72.00% 0.020 -0.024 0.021 0.024 0.023 0.023 0.051
0.684 0.680 73.00% 0.020 -0.024 0.020 0.023 0.023 0.022 0.050
0.695 0.691 74.00% 0.019 -0.024 0.019 0.022 0.022 0.021 0.050
0.706 0.702 75.00% 0.019 -0.024 0.019 0.021 0.021 0.020 0.049
0.717 0.713 76.00% 0.018 -0.024 0.018 0.021 0.020 0.020 0.048
0.728 0.725 77.00% 0.017 -0.024 0.018 0.020 0.020 0.019 0.048
0.739 0.736 78.00% 0.017 -0.024 0.017 0.019 0.019 0.019 0.047
0.751 0.747 79.00% 0.016 -0.024 0.016 0.018 0.018 0.018 0.047
0.762 0.759 80.00% 0.016 -0.024 0.016 0.018 0.018 0.017 0.046
0.773 0.770 81.00% 0.015 -0.024 0.015 0.017 0.017 0.017 0.045
0.785 0.782 82.00% 0.015 -0.023 0.015 0.017 0.017 0.016 0.045
0.796 0.793 83.00% 0.014 -0.023 0.014 0.016 0.016 0.016 0.044
0.808 0.805 84.00% 0.014 -0.023 0.014 0.015 0.015 0.015 0.043
0.819 0.817 85.00% 0.014 -0.023 0.014 0.015 0.015 0.015 0.043
0.831 0.828 86.00% 0.013 -0.023 0.013 0.014 0.014 0.014 0.042
0.843 0.840 87.00% 0.013 -0.023 0.013 0.014 0.014 0.013 0.041
0.854 0.852 88.00% 0.012 -0.023 0.012 0.013 0.013 0.013 0.041
0.866 0.864 89.00% 0.012 -0.023 0.012 0.013 0.013 0.013 0.040
0.878 0.876 90.00% 0.011 -0.023 0.011 0.012 0.012 0.012 0.039
0.890 0.888 91.00% 0.011 -0.023 0.011 0.012 0.012 0.012 0.039
0.902 0.900 92.00% 0.011 -0.023 0.011 0.011 0.011 0.011 0.038
0.914 0.913 93.00% 0.010 -0.023 0.010 0.011 0.011 0.011 0.037
0.926 0.925 94.00% 0.010 -0.023 0.010 0.010 0.010 0.010 0.036
0.938 0.937 95.00% 0.010 -0.023 0.010 0.010 0.010 0.010 0.036
0.950 0.950 96.00% 0.009 -0.023 0.009 0.010 0.010 0.010 0.035
0.963 0.962 97.00% 0.009 -0.023 0.009 0.009 0.009 0.009 0.034
0.975 0.975 98.00% 0.009 -0.023 0.009 0.009 0.009 0.009 0.034
0.988 0.987 99.00% 0.008 -0.023 0.008 0.008 0.008 0.008 0.033
1.000 1.000 100.00% 0.008 -0.023 0.008 0.008 0.008 0.008 0.032
model-> 4BMB Dp core ice  ** core & ice + esc    
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APPENDIX C3: 4BMB Comprehensive Dataset for Figure 8-6 
 
 
Di-impactor isotope calculator 4BMB FFe proto-Earth= 30%
Wiechert and Halliday, 2001  γ = 0.2 γc = 0.167
Oxygen Dataset F'Fe = 25% FFe-non-ice= 29%
J. Wolbeck Fice = 15% FSi-non-ice= 71%
ejecta n = 5%
model-> 4BMB 4BMB Dp Core ice  ** core & ice + esc    
isotope # DEarth= -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 *
isotope # DMoon= 0.008 0.008 0.008 0.008 0.008 0.008
Si Fraction Bulk FSi = 70.0% 70.0% 75.0% 55.0% 60.0% 60.0%
asymptote f a =γC-eff=> 0.167 -- 0.176 0.167 0.178 0.178
core&ice ice only γ γ Si-core γSi-ice ** γSi-ci γSi-cie*
calculated calculated γ eff=> 0.200 -- 0.214 0.157 0.173 ___
f ice-ci f  ice f Di Dp Di -core Di - ice Di core ice Di-cie γSi-cie
0.000 0.000 0.00% -0.160 0.008 -0.151 -0.198 -0.182 -0.172 0.184
0.008 0.008 1.00% -0.169 0.010 -0.159 -0.209 -0.191 -0.181 0.184
0.016 0.016 2.00% -0.179 0.012 -0.167 -0.222 -0.201 -0.191 0.183
0.024 0.024 3.00% -0.191 0.014 -0.177 -0.236 -0.213 -0.202 0.182
0.032 0.032 4.00% -0.204 0.017 -0.189 -0.252 -0.227 -0.215 0.182
0.040 0.040 5.00% -0.220 0.020 -0.202 -0.272 -0.242 -0.230 0.181
0.049 0.048 6.00% -0.239 0.024 -0.218 -0.295 -0.261 -0.247 0.181
0.057 0.056 7.00% -0.261 0.028 -0.237 -0.323 -0.282 -0.268 0.180
0.065 0.064 8.00% -0.289 0.034 -0.259 -0.357 -0.309 -0.293 0.179
0.073 0.072 9.00% -0.324 0.041 -0.287 -0.400 -0.341 -0.323 0.179
0.082 0.080 10.00% -0.370 0.050 -0.322 -0.456 -0.381 -0.362 0.178
0.090 0.089 11.00% -0.432 0.062 -0.367 -0.532 -0.433 -0.411 0.178
0.098 0.097 12.00% -0.520 0.080 -0.428 -0.640 -0.503 -0.478 0.177
0.107 0.105 13.00% -0.656 0.107 -0.516 -0.807 -0.603 -0.572 0.176
0.115 0.113 14.00% -0.895 0.155 -0.652 -1.100 -0.754 -0.716 0.176
0.124 0.122 15.00% -1.420 0.260 -0.891 -1.745 -1.014 -0.963 0.175
0.132 0.130 16.00% -3.520 0.680 -1.420 -4.322 -1.560 -1.482 0.174
0.141 0.139 17.00% 6.980 -1.420 -3.584 8.565 -3.458 -3.285 0.174
0.149 0.147 18.00% 1.730 -0.370 6.513 2.121 14.440 13.718 0.173
0.158 0.156 19.00% 0.980 -0.220 1.684 1.201 2.302 2.187 0.173
0.167 0.164 20.00% 0.680 -0.160 0.960 0.833 1.240 1.178 0.172
0.175 0.173 21.00% 0.518 -0.128 0.668 0.634 0.843 0.802 0.171
0.184 0.181 22.00% 0.418 -0.108 0.510 0.511 0.636 0.605 0.171
0.193 0.190 23.00% 0.348 -0.094 0.411 0.426 0.509 0.484 0.170
0.202 0.199 24.00% 0.298 -0.084 0.343 0.364 0.422 0.402 0.169
0.211 0.208 25.00% 0.260 -0.076 0.294 0.317 0.360 0.342 0.169
0.219 0.216 26.00% 0.230 -0.070 0.256 0.280 0.313 0.298 0.168
 178 
 
 
 
 
 
 
0.228 0.225 27.00% 0.206 -0.065 0.227 0.251 0.276 0.263 0.168
0.237 0.234 28.00% 0.186 -0.061 0.203 0.226 0.246 0.235 0.167
0.246 0.243 29.00% 0.169 -0.058 0.183 0.206 0.222 0.211 0.166
0.255 0.252 30.00% 0.155 -0.055 0.167 0.188 0.202 0.192 0.166
0.264 0.261 31.00% 0.143 -0.053 0.153 0.173 0.185 0.176 0.165
0.274 0.270 32.00% 0.132 -0.050 0.141 0.160 0.170 0.162 0.164
0.283 0.279 33.00% 0.123 -0.049 0.130 0.149 0.157 0.149 0.164
0.292 0.288 34.00% 0.115 -0.047 0.121 0.139 0.146 0.139 0.163
0.301 0.297 35.00% 0.107 -0.045 0.113 0.130 0.136 0.129 0.162
0.310 0.307 36.00% 0.101 -0.044 0.106 0.122 0.127 0.121 0.162
0.320 0.316 37.00% 0.095 -0.043 0.099 0.114 0.119 0.113 0.161
0.329 0.325 38.00% 0.089 -0.042 0.093 0.108 0.112 0.106 0.160
0.338 0.334 39.00% 0.084 -0.041 0.088 0.102 0.105 0.100 0.160
0.348 0.344 40.00% 0.080 -0.040 0.083 0.096 0.099 0.095 0.159
0.357 0.353 41.00% 0.076 -0.039 0.079 0.091 0.094 0.090 0.158
0.367 0.363 42.00% 0.072 -0.038 0.075 0.087 0.089 0.085 0.158
0.376 0.372 43.00% 0.069 -0.038 0.071 0.082 0.084 0.081 0.157
0.386 0.382 44.00% 0.065 -0.037 0.068 0.078 0.080 0.077 0.156
0.396 0.391 45.00% 0.062 -0.036 0.064 0.075 0.076 0.073 0.156
0.405 0.401 46.00% 0.060 -0.036 0.061 0.071 0.073 0.069 0.155
0.415 0.411 47.00% 0.057 -0.035 0.059 0.068 0.069 0.066 0.154
0.425 0.420 48.00% 0.054 -0.035 0.056 0.065 0.066 0.063 0.154
0.435 0.430 49.00% 0.052 -0.034 0.054 0.062 0.063 0.060 0.153
0.444 0.440 50.00% 0.050 -0.034 0.051 0.060 0.060 0.058 0.152
0.454 0.450 51.00% 0.048 -0.034 0.049 0.057 0.058 0.055 0.152
0.464 0.460 52.00% 0.046 -0.033 0.047 0.055 0.055 0.053 0.151
0.474 0.470 53.00% 0.044 -0.033 0.045 0.052 0.053 0.051 0.150
0.484 0.480 54.00% 0.043 -0.033 0.043 0.050 0.051 0.049 0.149
0.494 0.490 55.00% 0.041 -0.032 0.042 0.048 0.049 0.047 0.149
0.505 0.500 56.00% 0.039 -0.032 0.040 0.046 0.047 0.045 0.148
0.515 0.510 57.00% 0.038 -0.032 0.039 0.045 0.045 0.043 0.147
0.525 0.520 58.00% 0.036 -0.031 0.037 0.043 0.043 0.042 0.147
0.535 0.531 59.00% 0.035 -0.031 0.036 0.041 0.042 0.040 0.146
0.545 0.541 60.00% 0.034 -0.031 0.034 0.040 0.040 0.038 0.145
0.556 0.551 61.00% 0.033 -0.031 0.033 0.038 0.038 0.037 0.144
0.566 0.562 62.00% 0.031 -0.030 0.032 0.037 0.037 0.036 0.144
0.577 0.572 63.00% 0.030 -0.030 0.031 0.035 0.036 0.034 0.143
0.587 0.583 64.00% 0.029 -0.030 0.030 0.034 0.034 0.033 0.142
0.598 0.593 65.00% 0.028 -0.030 0.029 0.033 0.033 0.032 0.142
0.608 0.604 66.00% 0.027 -0.029 0.028 0.032 0.032 0.031 0.141
 179 
 
 
 
 
 
  
0.619 0.615 67.00% 0.026 -0.029 0.027 0.031 0.031 0.030 0.140
0.630 0.625 68.00% 0.025 -0.029 0.026 0.029 0.030 0.028 0.139
0.640 0.636 69.00% 0.025 -0.029 0.025 0.028 0.028 0.027 0.139
0.651 0.647 70.00% 0.024 -0.029 0.024 0.027 0.027 0.026 0.138
0.662 0.658 71.00% 0.023 -0.029 0.023 0.026 0.026 0.025 0.137
0.673 0.669 72.00% 0.022 -0.028 0.022 0.025 0.025 0.025 0.136
0.684 0.680 73.00% 0.021 -0.028 0.022 0.024 0.025 0.024 0.136
0.695 0.691 74.00% 0.021 -0.028 0.021 0.024 0.024 0.023 0.135
0.706 0.702 75.00% 0.020 -0.028 0.020 0.023 0.023 0.022 0.134
0.717 0.713 76.00% 0.019 -0.028 0.020 0.022 0.022 0.021 0.133
0.728 0.725 77.00% 0.019 -0.028 0.019 0.021 0.021 0.020 0.133
0.739 0.736 78.00% 0.018 -0.028 0.018 0.020 0.020 0.020 0.132
0.751 0.747 79.00% 0.017 -0.027 0.018 0.020 0.020 0.019 0.131
0.762 0.759 80.00% 0.017 -0.027 0.017 0.019 0.019 0.018 0.130
0.773 0.770 81.00% 0.016 -0.027 0.016 0.018 0.018 0.018 0.130
0.785 0.782 82.00% 0.016 -0.027 0.016 0.017 0.017 0.017 0.129
0.796 0.793 83.00% 0.015 -0.027 0.015 0.017 0.017 0.016 0.128
0.808 0.805 84.00% 0.015 -0.027 0.015 0.016 0.016 0.016 0.127
0.819 0.817 85.00% 0.014 -0.027 0.014 0.016 0.016 0.015 0.127
0.831 0.828 86.00% 0.014 -0.027 0.014 0.015 0.015 0.015 0.126
0.843 0.840 87.00% 0.013 -0.027 0.013 0.014 0.014 0.014 0.125
0.854 0.852 88.00% 0.013 -0.027 0.013 0.014 0.014 0.013 0.124
0.866 0.864 89.00% 0.012 -0.026 0.012 0.013 0.013 0.013 0.123
0.878 0.876 90.00% 0.012 -0.026 0.012 0.013 0.013 0.012 0.123
0.890 0.888 91.00% 0.011 -0.026 0.011 0.012 0.012 0.012 0.122
0.902 0.900 92.00% 0.011 -0.026 0.011 0.012 0.012 0.011 0.121
0.914 0.913 93.00% 0.011 -0.026 0.011 0.011 0.011 0.011 0.120
0.926 0.925 94.00% 0.010 -0.026 0.010 0.011 0.011 0.011 0.120
0.938 0.937 95.00% 0.010 -0.026 0.010 0.010 0.010 0.010 0.119
0.950 0.950 96.00% 0.009 -0.026 0.009 0.010 0.010 0.010 0.118
0.963 0.962 97.00% 0.009 -0.026 0.009 0.009 0.009 0.009 0.117
0.975 0.975 98.00% 0.009 -0.026 0.009 0.009 0.009 0.009 0.116
0.988 0.987 99.00% 0.008 -0.026 0.008 0.008 0.008 0.008 0.115
1.000 1.000 100.00% 0.008 -0.026 0.008 0.008 0.008 0.008 0.115
model-> 4BMB Dp core ice  ** core & ice + esc    
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APPENDIX C4: 4BMB Comprehensive Dataset for Figure 8-7 
 
 
 
Di-impactor isotope calculator 4BMB FFe proto-Earth= 30%
Wiechert and Halliday, 2001  γ = 0.5 γc = 0.333
Oxygen Dataset F'Fe = 15% FFe-non-ice= 30%
J. Wolbeck Fice = 50% FSi-non-ice= 70%
ejecta n = 5%
model-> 4BMB 4BMB Dp Core ice  ** core & ice + esc    
isotope # DEarth= -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 *
isotope # DMoon= 0.008 0.008 0.008 0.008 0.008 0.008
Si Fraction Bulk FSi = 70.0% 70.0% 85.0% 20.0% 35.0% 35.0%
asymptotesf a =γC-eff=> 0.333 -- 0.378 0.333 0.417 0.417
core&ice ice only γ γ Si-core γSi-ice ** γSi-ci γSi-cie*
calculated calculated γ eff=> 0.500 -- 0.607 0.143 0.294 ___
f ice-ci f  ice f Di Dp Di -core Di - ice Di core ice Di-cie γSi-cie
0.000 0.000 0.00% -0.076 0.008 -0.066 -0.216 -0.115 -0.109 0.314
0.004 0.003 1.00% -0.078 0.009 -0.067 -0.221 -0.117 -0.111 0.314
0.008 0.006 2.00% -0.080 0.010 -0.069 -0.226 -0.119 -0.112 0.314
0.013 0.009 3.00% -0.082 0.011 -0.070 -0.231 -0.121 -0.114 0.313
0.017 0.012 4.00% -0.084 0.012 -0.072 -0.236 -0.123 -0.116 0.313
0.021 0.015 5.00% -0.086 0.013 -0.073 -0.242 -0.125 -0.118 0.313
0.026 0.018 6.00% -0.088 0.014 -0.075 -0.249 -0.127 -0.121 0.312
0.030 0.021 7.00% -0.091 0.015 -0.077 -0.256 -0.130 -0.123 0.312
0.035 0.024 8.00% -0.094 0.017 -0.079 -0.263 -0.132 -0.125 0.311
0.039 0.027 9.00% -0.097 0.018 -0.081 -0.271 -0.135 -0.128 0.311
0.044 0.031 10.00% -0.100 0.020 -0.083 -0.280 -0.138 -0.131 0.310
0.048 0.034 11.00% -0.104 0.022 -0.085 -0.290 -0.141 -0.134 0.310
0.053 0.038 12.00% -0.108 0.024 -0.088 -0.300 -0.144 -0.137 0.310
0.058 0.041 13.00% -0.112 0.026 -0.090 -0.311 -0.148 -0.140 0.309
0.063 0.044 14.00% -0.117 0.028 -0.093 -0.324 -0.152 -0.144 0.309
0.068 0.048 15.00% -0.122 0.031 -0.096 -0.338 -0.156 -0.147 0.308
0.073 0.052 16.00% -0.128 0.034 -0.100 -0.354 -0.160 -0.152 0.308
0.078 0.055 17.00% -0.134 0.037 -0.104 -0.371 -0.165 -0.156 0.307
0.083 0.059 18.00% -0.142 0.041 -0.108 -0.391 -0.170 -0.161 0.307
0.088 0.063 19.00% -0.150 0.045 -0.113 -0.414 -0.175 -0.166 0.307
0.093 0.067 20.00% -0.160 0.050 -0.118 -0.440 -0.182 -0.172 0.306
0.099 0.071 21.00% -0.171 0.056 -0.124 -0.470 -0.188 -0.178 0.306
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0.104 0.075 22.00% -0.185 0.062 -0.130 -0.506 -0.196 -0.185 0.305
0.110 0.079 23.00% -0.201 0.070 -0.138 -0.548 -0.204 -0.193 0.305
0.115 0.083 24.00% -0.220 0.080 -0.146 -0.600 -0.213 -0.202 0.304
0.121 0.087 25.00% -0.244 0.092 -0.156 -0.664 -0.223 -0.211 0.304
0.126 0.091 26.00% -0.275 0.107 -0.168 -0.745 -0.234 -0.222 0.303
0.132 0.096 27.00% -0.315 0.127 -0.182 -0.853 -0.248 -0.235 0.303
0.138 0.100 28.00% -0.370 0.155 -0.198 -1.000 -0.262 -0.249 0.302
0.144 0.105 29.00% -0.451 0.195 -0.218 -1.215 -0.280 -0.265 0.302
0.150 0.109 30.00% -0.580 0.260 -0.244 -1.560 -0.300 -0.285 0.301
0.156 0.114 31.00% -0.820 0.380 -0.277 -2.200 -0.324 -0.307 0.300
0.162 0.119 32.00% -1.420 0.680 -0.322 -3.800 -0.353 -0.335 0.300
0.169 0.123 33.00% -5.620 2.780 -0.385 -15.000 -0.389 -0.369 0.299
0.175 0.128 34.00% 2.780 -1.420 -0.481 7.400 -0.434 -0.412 0.299
0.181 0.133 35.00% 1.100 -0.580 -0.647 2.920 -0.493 -0.467 0.298
0.188 0.138 36.00% 0.680 -0.370 -1.000 1.800 -0.572 -0.543 0.298
0.195 0.144 37.00% 0.489 -0.275 -2.260 1.291 -0.685 -0.650 0.297
0.202 0.149 38.00% 0.380 -0.220 7.820 1.000 -0.860 -0.817 0.296
0.208 0.154 39.00% 0.309 -0.185 1.405 0.812 -1.166 -1.108 0.296
0.215 0.160 40.00% 0.260 -0.160 0.764 0.680 -1.840 -1.748 0.295
0.222 0.166 41.00% 0.223 -0.142 0.521 0.583 -4.535 -4.308 0.295
0.230 0.171 42.00% 0.195 -0.128 0.393 0.508 8.940 8.493 0.294
0.237 0.177 43.00% 0.173 -0.117 0.314 0.448 2.203 2.093 0.293
0.244 0.183 44.00% 0.155 -0.108 0.260 0.400 1.240 1.178 0.293
0.252 0.189 45.00% 0.140 -0.100 0.221 0.360 0.855 0.813 0.292
0.260 0.196 46.00% 0.127 -0.094 0.192 0.326 0.648 0.616 0.291
0.267 0.202 47.00% 0.117 -0.088 0.169 0.298 0.518 0.493 0.291
0.275 0.209 48.00% 0.107 -0.084 0.150 0.273 0.429 0.408 0.290
0.283 0.215 49.00% 0.099 -0.080 0.135 0.251 0.365 0.347 0.289
0.292 0.222 50.00% 0.092 -0.076 0.123 0.232 0.316 0.301 0.288
0.300 0.229 51.00% 0.086 -0.073 0.112 0.215 0.278 0.264 0.288
0.308 0.236 52.00% 0.080 -0.070 0.103 0.200 0.246 0.235 0.287
0.317 0.244 53.00% 0.075 -0.067 0.094 0.186 0.221 0.210 0.286
0.326 0.251 54.00% 0.070 -0.065 0.087 0.174 0.199 0.190 0.285
0.335 0.259 55.00% 0.066 -0.063 0.081 0.163 0.181 0.173 0.285
0.344 0.267 56.00% 0.062 -0.061 0.076 0.153 0.166 0.158 0.284
0.353 0.275 57.00% 0.059 -0.059 0.071 0.144 0.152 0.145 0.283
0.363 0.283 58.00% 0.056 -0.058 0.066 0.135 0.140 0.133 0.282
0.372 0.291 59.00% 0.053 -0.056 0.062 0.127 0.129 0.123 0.281
0.382 0.300 60.00% 0.050 -0.055 0.058 0.120 0.120 0.114 0.281
0.392 0.309 61.00% 0.047 -0.054 0.055 0.113 0.112 0.106 0.280
0.402 0.318 62.00% 0.045 -0.053 0.052 0.107 0.104 0.099 0.279
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0.412 0.327 63.00% 0.043 -0.051 0.049 0.101 0.097 0.093 0.278
0.423 0.337 64.00% 0.041 -0.050 0.046 0.096 0.091 0.087 0.277
0.433 0.347 65.00% 0.039 -0.049 0.044 0.091 0.085 0.081 0.276
0.444 0.357 66.00% 0.037 -0.049 0.042 0.086 0.080 0.076 0.275
0.455 0.367 67.00% 0.035 -0.048 0.040 0.081 0.075 0.072 0.274
0.467 0.378 68.00% 0.034 -0.047 0.038 0.077 0.070 0.067 0.273
0.478 0.389 69.00% 0.032 -0.046 0.036 0.073 0.066 0.063 0.272
0.490 0.400 70.00% 0.031 -0.045 0.034 0.069 0.062 0.060 0.271
0.502 0.412 71.00% 0.030 -0.045 0.032 0.065 0.059 0.056 0.270
0.514 0.424 72.00% 0.028 -0.044 0.031 0.062 0.055 0.053 0.269
0.527 0.436 73.00% 0.027 -0.044 0.029 0.059 0.052 0.050 0.268
0.540 0.448 74.00% 0.026 -0.043 0.028 0.056 0.049 0.047 0.267
0.553 0.462 75.00% 0.025 -0.042 0.027 0.053 0.047 0.045 0.266
0.566 0.475 76.00% 0.024 -0.042 0.026 0.050 0.044 0.042 0.265
0.580 0.489 77.00% 0.023 -0.041 0.024 0.047 0.041 0.040 0.264
0.593 0.503 78.00% 0.022 -0.041 0.023 0.045 0.039 0.038 0.263
0.608 0.518 79.00% 0.021 -0.040 0.022 0.042 0.037 0.035 0.261
0.622 0.533 80.00% 0.020 -0.040 0.021 0.040 0.035 0.033 0.260
0.637 0.549 81.00% 0.019 -0.040 0.020 0.038 0.033 0.032 0.259
0.652 0.566 82.00% 0.018 -0.039 0.019 0.036 0.031 0.030 0.258
0.668 0.582 83.00% 0.018 -0.039 0.019 0.034 0.029 0.028 0.256
0.684 0.600 84.00% 0.017 -0.038 0.018 0.032 0.027 0.026 0.255
0.700 0.618 85.00% 0.016 -0.038 0.017 0.030 0.026 0.025 0.254
0.717 0.637 86.00% 0.015 -0.038 0.016 0.028 0.024 0.023 0.252
0.734 0.657 87.00% 0.015 -0.037 0.015 0.026 0.023 0.022 0.251
0.751 0.677 88.00% 0.014 -0.037 0.015 0.024 0.021 0.021 0.250
0.769 0.698 89.00% 0.014 -0.037 0.014 0.023 0.020 0.019 0.248
0.788 0.720 90.00% 0.013 -0.036 0.013 0.021 0.019 0.018 0.247
0.806 0.743 91.00% 0.012 -0.036 0.013 0.020 0.017 0.017 0.245
0.826 0.767 92.00% 0.012 -0.036 0.012 0.018 0.016 0.016 0.243
0.845 0.791 93.00% 0.011 -0.036 0.012 0.017 0.015 0.015 0.242
0.866 0.817 94.00% 0.011 -0.035 0.011 0.015 0.014 0.014 0.240
0.887 0.844 95.00% 0.010 -0.035 0.010 0.014 0.013 0.013 0.238
0.908 0.873 96.00% 0.010 -0.035 0.010 0.013 0.012 0.012 0.237
0.930 0.902 97.00% 0.009 -0.035 0.009 0.012 0.011 0.011 0.235
0.953 0.933 98.00% 0.009 -0.034 0.009 0.010 0.010 0.010 0.233
0.976 0.966 99.00% 0.008 -0.034 0.008 0.009 0.009 0.009 0.231
1.000 1.000 100.00% 0.008 -0.034 0.008 0.008 0.008 0.008 0.229
model-> 4BMB Dp core ice  ** core & ice + esc    
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APPENDIX C5: 4BMB Comprehensive Dataset for Figure 8-8 
 
 
 
Di-impactor isotope calculator 4BMB FFe proto-Earth= 30%
Wiechert and Halliday, 2001  γ = 1 γc = 0.500
Oxygen Dataset F'Fe = 15% FFe-non-ice= 30%
J. Wolbeck Fice = 50% FSi-non-ice= 70%
ejecta n = 5%
model-> 4BMB 4BMB Dp Core ice  ** core & ice + esc    
isotope # DEarth= -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 *
isotope # DMoon= 0.008 0.008 0.008 0.008 0.008 0.008
Si Fraction Bulk FSi = 70.0% 70.0% 85.0% 20.0% 35.0% 35.0%
asymptotesf a =γC-eff=> 0.500 -- 0.548 0.500 0.588 0.588
core&ice ice only γ γ Si-core γSi-ice ** γSi-ci γSi-cie*
calculated calculated γ eff=> 1.000 -- 1.214 0.286 0.588 ___
f ice-ci f  ice f Di Dp Di -core Di - ice Di core ice Di-cie γSi-cie
0.000 0.000 0.00% -0.048 0.008 -0.043 -0.118 -0.068 -0.064 0.639
0.004 0.003 1.00% -0.049 0.009 -0.043 -0.119 -0.068 -0.064 0.638
0.008 0.006 2.00% -0.049 0.009 -0.044 -0.121 -0.069 -0.065 0.638
0.013 0.009 3.00% -0.050 0.010 -0.044 -0.122 -0.069 -0.065 0.637
0.017 0.012 4.00% -0.050 0.010 -0.045 -0.123 -0.070 -0.066 0.637
0.021 0.015 5.00% -0.051 0.011 -0.045 -0.125 -0.070 -0.067 0.636
0.026 0.018 6.00% -0.052 0.012 -0.046 -0.127 -0.071 -0.067 0.635
0.030 0.021 7.00% -0.053 0.013 -0.046 -0.128 -0.072 -0.068 0.635
0.035 0.024 8.00% -0.053 0.013 -0.047 -0.130 -0.073 -0.068 0.634
0.039 0.027 9.00% -0.054 0.014 -0.048 -0.132 -0.073 -0.069 0.633
0.044 0.031 10.00% -0.055 0.015 -0.048 -0.134 -0.074 -0.070 0.633
0.048 0.034 11.00% -0.056 0.016 -0.049 -0.136 -0.075 -0.071 0.632
0.053 0.038 12.00% -0.057 0.017 -0.050 -0.138 -0.076 -0.071 0.631
0.058 0.041 13.00% -0.058 0.018 -0.050 -0.140 -0.076 -0.072 0.631
0.063 0.044 14.00% -0.059 0.019 -0.051 -0.143 -0.077 -0.073 0.630
0.068 0.048 15.00% -0.060 0.020 -0.052 -0.145 -0.078 -0.074 0.629
0.073 0.052 16.00% -0.061 0.021 -0.053 -0.148 -0.079 -0.075 0.629
0.078 0.055 17.00% -0.062 0.022 -0.053 -0.150 -0.080 -0.076 0.628
0.083 0.059 18.00% -0.064 0.024 -0.054 -0.153 -0.081 -0.077 0.627
0.088 0.063 19.00% -0.065 0.025 -0.055 -0.157 -0.082 -0.078 0.627
0.093 0.067 20.00% -0.067 0.027 -0.056 -0.160 -0.084 -0.079 0.626
0.099 0.071 21.00% -0.068 0.028 -0.057 -0.164 -0.085 -0.080 0.625
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0.104 0.075 22.00% -0.070 0.030 -0.059 -0.168 -0.086 -0.081 0.624
0.110 0.079 23.00% -0.072 0.032 -0.060 -0.172 -0.088 -0.083 0.624
0.115 0.083 24.00% -0.074 0.034 -0.061 -0.176 -0.089 -0.084 0.623
0.121 0.087 25.00% -0.076 0.036 -0.062 -0.181 -0.091 -0.086 0.622
0.126 0.091 26.00% -0.078 0.038 -0.064 -0.186 -0.092 -0.087 0.621
0.132 0.096 27.00% -0.081 0.041 -0.065 -0.192 -0.094 -0.089 0.621
0.138 0.100 28.00% -0.084 0.044 -0.067 -0.198 -0.096 -0.091 0.620
0.144 0.105 29.00% -0.087 0.047 -0.069 -0.205 -0.098 -0.093 0.619
0.150 0.109 30.00% -0.090 0.050 -0.071 -0.213 -0.100 -0.095 0.618
0.156 0.114 31.00% -0.094 0.054 -0.073 -0.221 -0.102 -0.097 0.617
0.162 0.119 32.00% -0.098 0.058 -0.075 -0.230 -0.105 -0.099 0.616
0.169 0.123 33.00% -0.102 0.062 -0.078 -0.240 -0.107 -0.102 0.615
0.175 0.128 34.00% -0.108 0.068 -0.081 -0.252 -0.110 -0.104 0.615
0.181 0.133 35.00% -0.113 0.073 -0.084 -0.265 -0.113 -0.107 0.614
0.188 0.138 36.00% -0.120 0.080 -0.087 -0.280 -0.117 -0.110 0.613
0.195 0.144 37.00% -0.128 0.088 -0.091 -0.297 -0.120 -0.114 0.612
0.202 0.149 38.00% -0.137 0.097 -0.095 -0.318 -0.124 -0.118 0.611
0.208 0.154 39.00% -0.147 0.107 -0.100 -0.341 -0.129 -0.122 0.610
0.215 0.160 40.00% -0.160 0.120 -0.105 -0.370 -0.134 -0.127 0.609
0.222 0.166 41.00% -0.176 0.136 -0.111 -0.405 -0.139 -0.132 0.608
0.230 0.171 42.00% -0.195 0.155 -0.118 -0.449 -0.145 -0.138 0.607
0.237 0.177 43.00% -0.220 0.180 -0.127 -0.505 -0.152 -0.144 0.606
0.244 0.183 44.00% -0.253 0.213 -0.137 -0.580 -0.160 -0.152 0.605
0.252 0.189 45.00% -0.300 0.260 -0.149 -0.685 -0.169 -0.160 0.604
0.260 0.196 46.00% -0.370 0.330 -0.163 -0.842 -0.179 -0.170 0.603
0.267 0.202 47.00% -0.487 0.447 -0.181 -1.105 -0.191 -0.181 0.602
0.275 0.209 48.00% -0.720 0.680 -0.205 -1.630 -0.206 -0.195 0.601
0.283 0.215 49.00% -1.420 1.380 -0.237 -3.205 -0.223 -0.211 0.600
0.292 0.222 50.00% #DIV/0! #DIV/0! -0.281 #DIV/0! -0.244 -0.231 0.599
0.300 0.229 51.00% 1.380 -1.420 -0.349 3.095 -0.271 -0.257 0.598
0.308 0.236 52.00% 0.680 -0.720 -0.465 1.520 -0.305 -0.289 0.596
0.317 0.244 53.00% 0.447 -0.487 -0.708 0.995 -0.351 -0.333 0.595
0.326 0.251 54.00% 0.330 -0.370 -1.528 0.733 -0.416 -0.395 0.594
0.335 0.259 55.00% 0.260 -0.300 7.820 0.575 -0.515 -0.489 0.593
0.344 0.267 56.00% 0.213 -0.253 1.069 0.470 -0.685 -0.650 0.592
0.353 0.275 57.00% 0.180 -0.220 0.565 0.395 -1.041 -0.988 0.591
0.363 0.283 58.00% 0.155 -0.195 0.380 0.339 -2.260 -2.147 0.589
0.372 0.291 59.00% 0.136 -0.176 0.284 0.295 10.340 9.823 0.588
0.382 0.300 60.00% 0.120 -0.160 0.225 0.260 1.520 1.444 0.587
0.392 0.309 61.00% 0.107 -0.147 0.185 0.231 0.805 0.765 0.585
0.402 0.318 62.00% 0.097 -0.137 0.157 0.208 0.540 0.513 0.584
 185 
 
 
 
  
0.412 0.327 63.00% 0.088 -0.128 0.135 0.187 0.402 0.382 0.583
0.423 0.337 64.00% 0.080 -0.120 0.118 0.170 0.317 0.302 0.581
0.433 0.347 65.00% 0.073 -0.113 0.104 0.155 0.260 0.247 0.580
0.444 0.357 66.00% 0.068 -0.108 0.093 0.142 0.219 0.208 0.578
0.455 0.367 67.00% 0.062 -0.102 0.084 0.130 0.187 0.179 0.577
0.467 0.378 68.00% 0.058 -0.098 0.076 0.120 0.163 0.155 0.576
0.478 0.389 69.00% 0.054 -0.094 0.069 0.111 0.143 0.137 0.574
0.490 0.400 70.00% 0.050 -0.090 0.063 0.103 0.127 0.121 0.573
0.502 0.412 71.00% 0.047 -0.087 0.058 0.095 0.114 0.109 0.571
0.514 0.424 72.00% 0.044 -0.084 0.054 0.088 0.103 0.098 0.569
0.527 0.436 73.00% 0.041 -0.081 0.050 0.082 0.093 0.088 0.568
0.540 0.448 74.00% 0.038 -0.078 0.046 0.076 0.084 0.080 0.566
0.553 0.462 75.00% 0.036 -0.076 0.043 0.071 0.077 0.073 0.564
0.566 0.475 76.00% 0.034 -0.074 0.040 0.066 0.070 0.067 0.563
0.580 0.489 77.00% 0.032 -0.072 0.037 0.062 0.064 0.061 0.561
0.593 0.503 78.00% 0.030 -0.070 0.035 0.058 0.059 0.056 0.559
0.608 0.518 79.00% 0.028 -0.068 0.032 0.054 0.054 0.052 0.557
0.622 0.533 80.00% 0.027 -0.067 0.030 0.050 0.050 0.048 0.555
0.637 0.549 81.00% 0.025 -0.065 0.028 0.047 0.046 0.044 0.554
0.652 0.566 82.00% 0.024 -0.064 0.027 0.043 0.043 0.041 0.552
0.668 0.582 83.00% 0.022 -0.062 0.025 0.040 0.039 0.038 0.550
0.684 0.600 84.00% 0.021 -0.061 0.023 0.038 0.036 0.035 0.548
0.700 0.618 85.00% 0.020 -0.060 0.022 0.035 0.033 0.032 0.546
0.717 0.637 86.00% 0.019 -0.059 0.021 0.033 0.031 0.030 0.544
0.734 0.657 87.00% 0.018 -0.058 0.019 0.030 0.029 0.027 0.541
0.751 0.677 88.00% 0.017 -0.057 0.018 0.028 0.026 0.025 0.539
0.769 0.698 89.00% 0.016 -0.056 0.017 0.026 0.024 0.023 0.537
0.788 0.720 90.00% 0.015 -0.055 0.016 0.024 0.022 0.022 0.535
0.806 0.743 91.00% 0.014 -0.054 0.015 0.022 0.020 0.020 0.532
0.826 0.767 92.00% 0.013 -0.053 0.014 0.020 0.019 0.018 0.530
0.845 0.791 93.00% 0.013 -0.053 0.013 0.018 0.017 0.017 0.528
0.866 0.817 94.00% 0.012 -0.052 0.012 0.017 0.016 0.015 0.525
0.887 0.844 95.00% 0.011 -0.051 0.011 0.015 0.014 0.014 0.523
0.908 0.873 96.00% 0.010 -0.050 0.011 0.013 0.013 0.013 0.520
0.930 0.902 97.00% 0.010 -0.050 0.010 0.012 0.011 0.011 0.517
0.953 0.933 98.00% 0.009 -0.049 0.009 0.011 0.010 0.010 0.515
0.976 0.966 99.00% 0.009 -0.049 0.009 0.009 0.009 0.009 0.512
1.000 1.000 100.00% 0.008 -0.048 0.008 0.008 0.008 0.008 0.509
model-> 4BMB Dp core ice  ** core & ice + esc    
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APPENDIX C6: 4BMB Comprehensive Dataset for Figure 8-9 
 
 
 
Di-impactor isotope calculator 4BMB FFe proto-Earth= 30%
Zhang, et.al, 2012  γ = 0.1 γc = 0.091
Titanium Dataset F'Fe = 20% FFe-non-ice= 29%
J. Wolbeck Fice = 30% FSi-non-ice= 71%
ejecta n = 5%
model-> 4BMB 4BMB Dp Core ice  ** core & ice + esc    
isotope # DEarth= 0.02 0.02 0.02 0.02 0.02 0.02 *
isotope # DMoon= -0.07 -0.07 -0.07 -0.07 -0.07 -0.07
Si Fraction Bulk FSi = 70.0% 70.0% 80.0% 40.0% 50.0% 50.0%
asymptotesf a =γC-eff=> 0.091 -- 0.103 0.091 0.107 0.107
core&ice ice only γ γ Si-core γSi-ice ** γSi-ci γSi-cie*
calculated calculated γ eff=> 0.100 -- 0.114 0.057 0.075 ___
f ice-ci f  ice f Di Dp Di -core Di - ice Di core ice Di-cie γSi-cie
0.000 0.000 0.00% 0.920 -0.070 0.808 1.595 1.220 1.156 0.079
0.006 0.006 1.00% 1.031 -0.081 0.893 1.782 1.339 1.268 0.079
0.013 0.012 2.00% 1.174 -0.095 0.998 2.022 1.484 1.407 0.078
0.019 0.017 3.00% 1.363 -0.114 1.133 2.341 1.668 1.581 0.078
0.025 0.023 4.00% 1.627 -0.141 1.311 2.784 1.906 1.807 0.078
0.032 0.029 5.00% 2.020 -0.180 1.557 3.445 2.228 2.113 0.077
0.038 0.035 6.00% 2.667 -0.245 1.918 4.533 2.686 2.548 0.077
0.045 0.041 7.00% 3.933 -0.371 2.500 6.662 3.391 3.218 0.077
0.052 0.047 8.00% 7.520 -0.730 3.600 12.695 4.615 4.381 0.076
0.058 0.053 9.00% 90.020 -8.980 6.449 151.445 7.267 6.900 0.076
0.065 0.060 10.00% -8.980 0.920 31.520 -15.055 17.345 16.474 0.075
0.072 0.066 11.00% -4.266 0.449 -10.842 -7.126 -43.124 -40.971 0.075
0.079 0.072 12.00% -2.793 0.301 -4.612 -4.649 -9.530 -9.057 0.074
0.085 0.079 13.00% -2.073 0.229 -2.924 -3.439 -5.331 -5.068 0.074
0.092 0.085 14.00% -1.647 0.187 -2.138 -2.722 -3.688 -3.507 0.074
0.099 0.092 15.00% -1.365 0.158 -1.683 -2.247 -2.811 -2.674 0.073
0.106 0.098 16.00% -1.164 0.138 -1.386 -1.910 -2.266 -2.157 0.073
0.113 0.105 17.00% -1.014 0.123 -1.178 -1.658 -1.895 -1.804 0.072
0.121 0.111 18.00% -0.898 0.112 -1.023 -1.463 -1.626 -1.548 0.072
0.128 0.118 19.00% -0.806 0.103 -0.904 -1.307 -1.421 -1.354 0.071
0.135 0.125 20.00% -0.730 0.095 -0.809 -1.180 -1.261 -1.201 0.071
0.142 0.132 21.00% -0.667 0.089 -0.732 -1.074 -1.132 -1.078 0.071
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0.150 0.139 22.00% -0.614 0.083 -0.668 -0.985 -1.025 -0.977 0.070
0.157 0.146 23.00% -0.568 0.079 -0.614 -0.908 -0.936 -0.893 0.070
0.165 0.153 24.00% -0.529 0.075 -0.568 -0.842 -0.861 -0.821 0.069
0.172 0.160 25.00% -0.494 0.071 -0.528 -0.784 -0.796 -0.759 0.069
0.180 0.167 26.00% -0.464 0.068 -0.493 -0.732 -0.739 -0.706 0.068
0.188 0.174 27.00% -0.437 0.066 -0.462 -0.687 -0.690 -0.659 0.068
0.196 0.182 28.00% -0.413 0.063 -0.435 -0.646 -0.646 -0.617 0.067
0.203 0.189 29.00% -0.391 0.061 -0.411 -0.610 -0.607 -0.580 0.067
0.211 0.197 30.00% -0.371 0.059 -0.389 -0.577 -0.572 -0.547 0.066
0.219 0.204 31.00% -0.353 0.057 -0.369 -0.547 -0.540 -0.517 0.066
0.227 0.212 32.00% -0.337 0.056 -0.351 -0.519 -0.512 -0.489 0.066
0.235 0.220 33.00% -0.322 0.054 -0.335 -0.494 -0.486 -0.465 0.065
0.244 0.227 34.00% -0.308 0.053 -0.320 -0.471 -0.462 -0.442 0.065
0.252 0.235 35.00% -0.296 0.052 -0.306 -0.450 -0.440 -0.421 0.064
0.260 0.243 36.00% -0.284 0.050 -0.294 -0.430 -0.420 -0.402 0.064
0.269 0.251 37.00% -0.273 0.049 -0.282 -0.412 -0.401 -0.385 0.063
0.277 0.259 38.00% -0.263 0.048 -0.271 -0.395 -0.384 -0.368 0.063
0.286 0.268 39.00% -0.254 0.047 -0.261 -0.379 -0.368 -0.353 0.062
0.294 0.276 40.00% -0.245 0.046 -0.252 -0.364 -0.353 -0.339 0.062
0.303 0.284 41.00% -0.236 0.046 -0.243 -0.350 -0.339 -0.326 0.061
0.312 0.293 42.00% -0.229 0.045 -0.234 -0.337 -0.326 -0.313 0.060
0.320 0.301 43.00% -0.221 0.044 -0.227 -0.324 -0.314 -0.302 0.060
0.329 0.310 44.00% -0.214 0.043 -0.219 -0.313 -0.303 -0.291 0.059
0.338 0.319 45.00% -0.208 0.043 -0.212 -0.302 -0.292 -0.281 0.059
0.347 0.327 46.00% -0.202 0.042 -0.206 -0.291 -0.282 -0.271 0.058
0.357 0.336 47.00% -0.196 0.042 -0.200 -0.282 -0.272 -0.262 0.058
0.366 0.345 48.00% -0.190 0.041 -0.194 -0.272 -0.263 -0.253 0.057
0.375 0.354 49.00% -0.185 0.041 -0.188 -0.263 -0.254 -0.245 0.057
0.385 0.364 50.00% -0.180 0.040 -0.183 -0.255 -0.246 -0.237 0.056
0.394 0.373 51.00% -0.175 0.040 -0.178 -0.247 -0.238 -0.230 0.056
0.404 0.382 52.00% -0.171 0.039 -0.173 -0.239 -0.231 -0.223 0.055
0.413 0.392 53.00% -0.166 0.039 -0.169 -0.232 -0.224 -0.216 0.054
0.423 0.401 54.00% -0.162 0.038 -0.165 -0.225 -0.217 -0.210 0.054
0.433 0.411 55.00% -0.158 0.038 -0.161 -0.218 -0.210 -0.203 0.053
0.443 0.421 56.00% -0.154 0.037 -0.157 -0.212 -0.204 -0.198 0.053
0.453 0.431 57.00% -0.151 0.037 -0.153 -0.206 -0.198 -0.192 0.052
0.463 0.441 58.00% -0.147 0.037 -0.149 -0.200 -0.193 -0.187 0.052
0.474 0.451 59.00% -0.144 0.036 -0.146 -0.194 -0.187 -0.181 0.051
0.484 0.462 60.00% -0.141 0.036 -0.142 -0.189 -0.182 -0.177 0.050
0.494 0.472 61.00% -0.138 0.036 -0.139 -0.184 -0.177 -0.172 0.050
0.505 0.482 62.00% -0.135 0.035 -0.136 -0.179 -0.172 -0.167 0.049
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0.516 0.493 63.00% -0.132 0.035 -0.133 -0.174 -0.168 -0.163 0.049
0.526 0.504 64.00% -0.129 0.035 -0.130 -0.169 -0.163 -0.159 0.048
0.537 0.515 65.00% -0.126 0.035 -0.128 -0.165 -0.159 -0.155 0.047
0.548 0.526 66.00% -0.124 0.034 -0.125 -0.160 -0.155 -0.151 0.047
0.559 0.537 67.00% -0.121 0.034 -0.122 -0.156 -0.151 -0.147 0.046
0.570 0.548 68.00% -0.119 0.034 -0.120 -0.152 -0.147 -0.143 0.045
0.582 0.560 69.00% -0.117 0.034 -0.117 -0.148 -0.144 -0.140 0.045
0.593 0.571 70.00% -0.114 0.033 -0.115 -0.145 -0.140 -0.136 0.044
0.605 0.583 71.00% -0.112 0.033 -0.113 -0.141 -0.136 -0.133 0.043
0.616 0.595 72.00% -0.110 0.033 -0.111 -0.137 -0.133 -0.130 0.043
0.628 0.607 73.00% -0.108 0.033 -0.109 -0.134 -0.130 -0.127 0.042
0.640 0.619 74.00% -0.106 0.033 -0.107 -0.131 -0.127 -0.124 0.041
0.652 0.632 75.00% -0.104 0.032 -0.105 -0.127 -0.124 -0.121 0.041
0.664 0.644 76.00% -0.102 0.032 -0.103 -0.124 -0.121 -0.118 0.040
0.677 0.657 77.00% -0.100 0.032 -0.101 -0.121 -0.118 -0.116 0.039
0.689 0.670 78.00% -0.099 0.032 -0.099 -0.118 -0.115 -0.113 0.039
0.702 0.683 79.00% -0.097 0.032 -0.097 -0.115 -0.113 -0.110 0.038
0.714 0.696 80.00% -0.095 0.032 -0.096 -0.113 -0.110 -0.108 0.037
0.727 0.709 81.00% -0.094 0.031 -0.094 -0.110 -0.107 -0.105 0.036
0.740 0.722 82.00% -0.092 0.031 -0.093 -0.107 -0.105 -0.103 0.036
0.753 0.736 83.00% -0.091 0.031 -0.091 -0.105 -0.103 -0.101 0.035
0.766 0.750 84.00% -0.089 0.031 -0.090 -0.102 -0.100 -0.099 0.034
0.780 0.764 85.00% -0.088 0.031 -0.088 -0.100 -0.098 -0.097 0.033
0.793 0.778 86.00% -0.086 0.031 -0.087 -0.098 -0.096 -0.094 0.033
0.807 0.793 87.00% -0.085 0.031 -0.085 -0.095 -0.094 -0.092 0.032
0.821 0.807 88.00% -0.084 0.030 -0.084 -0.093 -0.091 -0.090 0.031
0.835 0.822 89.00% -0.082 0.030 -0.083 -0.091 -0.089 -0.088 0.030
0.849 0.837 90.00% -0.081 0.030 -0.081 -0.089 -0.087 -0.087 0.030
0.863 0.852 91.00% -0.080 0.030 -0.080 -0.087 -0.085 -0.085 0.029
0.878 0.868 92.00% -0.079 0.030 -0.079 -0.085 -0.084 -0.083 0.028
0.893 0.884 93.00% -0.078 0.030 -0.078 -0.083 -0.082 -0.081 0.027
0.907 0.900 94.00% -0.076 0.030 -0.076 -0.081 -0.080 -0.079 0.026
0.922 0.916 95.00% -0.075 0.030 -0.075 -0.079 -0.078 -0.078 0.026
0.938 0.932 96.00% -0.074 0.029 -0.074 -0.077 -0.076 -0.076 0.025
0.953 0.949 97.00% -0.073 0.029 -0.073 -0.075 -0.075 -0.075 0.024
0.968 0.966 98.00% -0.072 0.029 -0.072 -0.073 -0.073 -0.073 0.023
0.984 0.983 99.00% -0.071 0.029 -0.071 -0.072 -0.072 -0.071 0.022
1.000 1.000 100.00% -0.070 0.029 -0.070 -0.070 -0.070 -0.070 0.021
model-> 4BMB Dp core ice  ** core & ice + esc    
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APPENDIX C7: 4BMB Comprehensive Dataset for Figure 8-10 
 
 
 
Di-impactor isotope calculator 4BMB FFe proto-Earth= 30%
Herwartz et.al, 2014  γ = 0.11 γc = 0.099
Oxygen Dataset F'Fe = 15% FFe-non-ice= 30%
J. Wolbeck Fice = 50% FSi-non-ice= 70%
ejecta n = 5%
model-> 4BMB 4BMB Dp Core ice  ** core & ice + esc    
isotope # DEarth= -0.101 -0.101 -0.101 -0.101 -0.101 -0.101
isotope # DMoon= -0.089 -0.089 -0.089 -0.089 -0.089 -0.089
Si Fraction Bulk FSi = 70.0% 70.0% 85.0% 20.0% 35.0% 35.0%
asymptotesf a =γC-eff=> 0.099 -- 0.118 0.099 0.136 0.136
core&ice ice only γ γ Si-core γSi-ice ** γSi-ci γSi-cie*
calculated calculated γ eff=> 0.110 -- 0.134 0.031 0.065 ___
f ice-ci f  ice f Di Dp Di -core Di - ice Di core ice Di-cie γSi-cie
0.000 0.000 0.00% -0.210 -0.089 -0.191 -0.483 -0.286 -0.277 0.068
0.004 0.003 1.00% -0.222 -0.088 -0.199 -0.523 -0.300 -0.289 0.068
0.008 0.006 2.00% -0.238 -0.086 -0.209 -0.573 -0.316 -0.305 0.068
0.013 0.009 3.00% -0.257 -0.084 -0.222 -0.637 -0.335 -0.323 0.068
0.017 0.012 4.00% -0.284 -0.081 -0.237 -0.723 -0.358 -0.344 0.067
0.021 0.015 5.00% -0.321 -0.077 -0.257 -0.844 -0.386 -0.371 0.067
0.026 0.018 6.00% -0.377 -0.071 -0.284 -1.027 -0.422 -0.405 0.067
0.030 0.021 7.00% -0.473 -0.060 -0.322 -1.336 -0.468 -0.449 0.067
0.035 0.024 8.00% -0.667 -0.039 -0.381 -1.969 -0.531 -0.509 0.066
0.039 0.027 9.00% -1.289 0.030 -0.481 -3.992 -0.622 -0.595 0.066
0.044 0.031 10.00% 11.899 -1.421 -0.695 38.899 -0.763 -0.729 0.066
0.048 0.034 11.00% 0.891 -0.210 -1.453 3.097 -1.014 -0.968 0.065
0.053 0.038 12.00% 0.416 -0.158 4.783 1.554 -1.582 -1.508 0.065
0.058 0.041 13.00% 0.249 -0.139 0.769 1.010 -4.110 -3.908 0.065
0.063 0.044 14.00% 0.163 -0.130 0.377 0.732 5.405 5.130 0.065
0.068 0.048 15.00% 0.111 -0.124 0.228 0.563 1.516 1.436 0.064
0.073 0.052 16.00% 0.077 -0.121 0.150 0.449 0.842 0.795 0.064
0.078 0.055 17.00% 0.051 -0.118 0.102 0.368 0.562 0.529 0.064
0.083 0.059 18.00% 0.033 -0.116 0.069 0.307 0.408 0.384 0.063
0.088 0.063 19.00% 0.018 -0.114 0.046 0.259 0.312 0.292 0.063
0.093 0.067 20.00% 0.006 -0.113 0.028 0.220 0.245 0.228 0.063
0.099 0.071 21.00% -0.004 -0.112 0.014 0.189 0.197 0.182 0.062
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0.104 0.075 22.00% -0.012 -0.111 0.003 0.163 0.159 0.147 0.062
0.110 0.079 23.00% -0.018 -0.110 -0.007 0.141 0.130 0.119 0.062
0.115 0.083 24.00% -0.024 -0.109 -0.014 0.122 0.107 0.097 0.061
0.121 0.087 25.00% -0.029 -0.109 -0.021 0.105 0.087 0.078 0.061
0.126 0.091 26.00% -0.034 -0.108 -0.027 0.090 0.071 0.063 0.061
0.132 0.096 27.00% -0.038 -0.108 -0.031 0.078 0.057 0.050 0.060
0.138 0.100 28.00% -0.041 -0.108 -0.036 0.066 0.045 0.038 0.060
0.144 0.105 29.00% -0.044 -0.107 -0.040 0.056 0.034 0.028 0.060
0.150 0.109 30.00% -0.047 -0.107 -0.043 0.047 0.025 0.020 0.059
0.156 0.114 31.00% -0.050 -0.107 -0.046 0.039 0.017 0.012 0.059
0.162 0.119 32.00% -0.052 -0.106 -0.049 0.031 0.010 0.005 0.059
0.169 0.123 33.00% -0.054 -0.106 -0.051 0.024 0.004 -0.001 0.058
0.175 0.128 34.00% -0.056 -0.106 -0.053 0.018 -0.002 -0.007 0.058
0.181 0.133 35.00% -0.058 -0.106 -0.055 0.012 -0.008 -0.012 0.058
0.188 0.138 36.00% -0.060 -0.106 -0.057 0.007 -0.012 -0.016 0.057
0.195 0.144 37.00% -0.061 -0.105 -0.059 0.002 -0.017 -0.020 0.057
0.202 0.149 38.00% -0.063 -0.105 -0.061 -0.003 -0.021 -0.024 0.056
0.208 0.154 39.00% -0.064 -0.105 -0.062 -0.007 -0.025 -0.028 0.056
0.215 0.160 40.00% -0.065 -0.105 -0.063 -0.011 -0.028 -0.031 0.056
0.222 0.166 41.00% -0.066 -0.105 -0.065 -0.015 -0.031 -0.034 0.055
0.230 0.171 42.00% -0.067 -0.105 -0.066 -0.018 -0.034 -0.037 0.055
0.237 0.177 43.00% -0.068 -0.105 -0.067 -0.022 -0.037 -0.040 0.054
0.244 0.183 44.00% -0.069 -0.104 -0.068 -0.025 -0.040 -0.042 0.054
0.252 0.189 45.00% -0.070 -0.104 -0.069 -0.028 -0.042 -0.044 0.053
0.260 0.196 46.00% -0.071 -0.104 -0.070 -0.031 -0.044 -0.047 0.053
0.267 0.202 47.00% -0.072 -0.104 -0.071 -0.033 -0.046 -0.049 0.053
0.275 0.209 48.00% -0.073 -0.104 -0.072 -0.036 -0.048 -0.051 0.052
0.283 0.215 49.00% -0.073 -0.104 -0.073 -0.038 -0.050 -0.052 0.052
0.292 0.222 50.00% -0.074 -0.104 -0.073 -0.040 -0.052 -0.054 0.051
0.300 0.229 51.00% -0.075 -0.104 -0.074 -0.042 -0.054 -0.056 0.051
0.308 0.236 52.00% -0.075 -0.104 -0.075 -0.044 -0.055 -0.057 0.050
0.317 0.244 53.00% -0.076 -0.104 -0.075 -0.046 -0.057 -0.059 0.050
0.326 0.251 54.00% -0.076 -0.104 -0.076 -0.048 -0.058 -0.060 0.049
0.335 0.259 55.00% -0.077 -0.104 -0.077 -0.050 -0.060 -0.061 0.049
0.344 0.267 56.00% -0.078 -0.104 -0.077 -0.052 -0.061 -0.063 0.048
0.353 0.275 57.00% -0.078 -0.104 -0.078 -0.053 -0.062 -0.064 0.048
0.363 0.283 58.00% -0.079 -0.103 -0.078 -0.055 -0.064 -0.065 0.047
0.372 0.291 59.00% -0.079 -0.103 -0.079 -0.056 -0.065 -0.066 0.046
0.382 0.300 60.00% -0.079 -0.103 -0.079 -0.058 -0.066 -0.067 0.046
0.392 0.309 61.00% -0.080 -0.103 -0.079 -0.059 -0.067 -0.068 0.045
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0.402 0.318 62.00% -0.080 -0.103 -0.080 -0.061 -0.068 -0.069 0.045
0.412 0.327 63.00% -0.081 -0.103 -0.080 -0.062 -0.069 -0.070 0.044
0.423 0.337 64.00% -0.081 -0.103 -0.081 -0.063 -0.070 -0.071 0.044
0.433 0.347 65.00% -0.081 -0.103 -0.081 -0.064 -0.071 -0.072 0.043
0.444 0.357 66.00% -0.082 -0.103 -0.081 -0.065 -0.072 -0.072 0.042
0.455 0.367 67.00% -0.082 -0.103 -0.082 -0.066 -0.072 -0.073 0.042
0.467 0.378 68.00% -0.082 -0.103 -0.082 -0.068 -0.073 -0.074 0.041
0.478 0.389 69.00% -0.083 -0.103 -0.082 -0.069 -0.074 -0.075 0.040
0.490 0.400 70.00% -0.083 -0.103 -0.083 -0.070 -0.075 -0.075 0.040
0.502 0.412 71.00% -0.083 -0.103 -0.083 -0.070 -0.075 -0.076 0.039
0.514 0.424 72.00% -0.084 -0.103 -0.083 -0.071 -0.076 -0.077 0.038
0.527 0.436 73.00% -0.084 -0.103 -0.084 -0.072 -0.077 -0.077 0.038
0.540 0.448 74.00% -0.084 -0.103 -0.084 -0.073 -0.077 -0.078 0.037
0.553 0.462 75.00% -0.084 -0.103 -0.084 -0.074 -0.078 -0.079 0.036
0.566 0.475 76.00% -0.085 -0.103 -0.085 -0.075 -0.079 -0.079 0.035
0.580 0.489 77.00% -0.085 -0.103 -0.085 -0.076 -0.079 -0.080 0.035
0.593 0.503 78.00% -0.085 -0.103 -0.085 -0.076 -0.080 -0.080 0.034
0.608 0.518 79.00% -0.085 -0.103 -0.085 -0.077 -0.080 -0.081 0.033
0.622 0.533 80.00% -0.086 -0.103 -0.085 -0.078 -0.081 -0.081 0.032
0.637 0.549 81.00% -0.086 -0.103 -0.086 -0.079 -0.081 -0.082 0.031
0.652 0.566 82.00% -0.086 -0.103 -0.086 -0.079 -0.082 -0.082 0.031
0.668 0.582 83.00% -0.086 -0.103 -0.086 -0.080 -0.082 -0.083 0.030
0.684 0.600 84.00% -0.086 -0.103 -0.086 -0.081 -0.083 -0.083 0.029
0.700 0.618 85.00% -0.087 -0.103 -0.087 -0.081 -0.083 -0.084 0.028
0.717 0.637 86.00% -0.087 -0.103 -0.087 -0.082 -0.084 -0.084 0.027
0.734 0.657 87.00% -0.087 -0.103 -0.087 -0.082 -0.084 -0.084 0.026
0.751 0.677 88.00% -0.087 -0.103 -0.087 -0.083 -0.085 -0.085 0.025
0.769 0.698 89.00% -0.087 -0.103 -0.087 -0.084 -0.085 -0.085 0.024
0.788 0.720 90.00% -0.088 -0.102 -0.087 -0.084 -0.085 -0.086 0.023
0.806 0.743 91.00% -0.088 -0.102 -0.088 -0.085 -0.086 -0.086 0.022
0.826 0.767 92.00% -0.088 -0.102 -0.088 -0.085 -0.086 -0.086 0.021
0.845 0.791 93.00% -0.088 -0.102 -0.088 -0.086 -0.087 -0.087 0.020
0.866 0.817 94.00% -0.088 -0.102 -0.088 -0.086 -0.087 -0.087 0.019
0.887 0.844 95.00% -0.088 -0.102 -0.088 -0.087 -0.087 -0.087 0.018
0.908 0.873 96.00% -0.088 -0.102 -0.088 -0.087 -0.088 -0.088 0.016
0.930 0.902 97.00% -0.089 -0.102 -0.089 -0.088 -0.088 -0.088 0.015
0.953 0.933 98.00% -0.089 -0.102 -0.089 -0.088 -0.088 -0.088 0.014
0.976 0.966 99.00% -0.089 -0.102 -0.089 -0.089 -0.089 -0.089 0.013
1.000 1.000 100.00% -0.089 -0.102 -0.089 -0.089 -0.089 -0.089 0.011
model-> 4BMB Dp core ice  ** core & ice + esc    
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APPENDIX C8: 4BMB Comprehensive Dataset for Figure 8-11 
 
 
 
Di-impactor isotope calculator 4BMB FFe proto-Earth= 30%
Herwartz et.al, 2014  γ = 0.1 γc = 0.091
Nb/Ta Dataset F'Fe = 20% FFe-non-ice= 29%
J. Wolbeck Fice = 30% FSi-non-ice= 71%
ejecta n = 5%
model-> 4BMB 4BMB Dp Core ice  ** core & ice + esc    
isotope # DEarth= 14 14 14 14 14 14
isotope # DMoon= 17 17 17 17 17 17
Si Fraction Bulk FSi = 70.0% 70.0% 80.0% 40.0% 50.0% 50.0%
asymptotesf a =γC-eff=> 0.091 -- 0.103 0.091 0.107 0.107
core&ice ice only γ γ Si-core γSi-ice ** γSi-ci γSi-cie*
calculated calculated γ eff=> 0.100 -- 0.114 0.057 0.075 ___
f ice-ci f  ice f Di Dp Di -core Di - ice Di core ice Di-cie γSi-cie
0.000 0.000 0.00% -16.000 17.000 -12.250 -38.500 -26.000 -23.850 0.079
0.006 0.006 1.00% -19.708 17.371 -15.086 -44.736 -29.952 -27.605 0.079
0.013 0.012 2.00% -24.462 17.846 -18.609 -52.731 -34.811 -32.221 0.078
0.019 0.017 3.00% -30.776 18.478 -23.102 -63.351 -40.931 -38.034 0.078
0.025 0.023 4.00% -39.571 19.357 -29.033 -78.143 -48.872 -45.579 0.078
0.032 0.029 5.00% -52.667 20.667 -37.220 -100.167 -59.594 -55.764 0.077
0.038 0.035 6.00% -74.235 22.824 -49.253 -136.441 -74.864 -70.270 0.077
0.045 0.041 7.00% -116.435 27.043 -68.677 -207.413 -98.356 -92.588 0.077
0.052 0.047 8.00% -236.000 39.000 -105.318 -408.500 -139.158 -131.350 0.076
0.058 0.053 9.00% ######## 314.000 -200.286 -5033.500 -227.563 -215.334 0.076
0.065 0.060 10.00% 314.000 -16.000 ####### 516.500 -563.500 -534.475 0.075
0.072 0.066 11.00% 156.857 -0.286 376.069 252.214 1452.125 1380.369 0.075
0.079 0.072 12.00% 107.750 4.625 168.412 169.625 332.333 316.567 0.074
0.085 0.079 13.00% 83.767 7.023 112.131 129.291 192.359 183.591 0.074
0.092 0.085 14.00% 69.556 8.444 85.918 105.389 137.587 131.558 0.074
0.099 0.092 15.00% 60.154 9.385 70.757 89.577 108.375 103.806 0.073
0.106 0.098 16.00% 53.474 10.053 60.875 78.342 90.216 86.555 0.073
0.113 0.105 17.00% 48.483 10.552 53.924 69.948 77.835 74.793 0.072
0.121 0.111 18.00% 44.612 10.939 48.768 63.439 68.853 66.260 0.072
0.128 0.118 19.00% 41.523 11.248 44.792 58.243 62.039 59.787 0.071
0.135 0.125 20.00% 39.000 11.500 41.632 54.000 56.692 54.708 0.071
0.142 0.132 21.00% 36.901 11.710 39.060 50.469 52.385 50.616 0.071
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0.150 0.139 22.00% 35.127 11.887 36.926 47.486 48.842 47.250 0.070
0.157 0.146 23.00% 33.608 12.039 35.127 44.931 45.875 44.431 0.070
0.165 0.153 24.00% 32.293 12.171 33.590 42.720 43.355 42.037 0.069
0.172 0.160 25.00% 31.143 12.286 32.261 40.786 41.188 39.978 0.069
0.180 0.167 26.00% 30.129 12.387 31.101 39.081 39.304 38.189 0.068
0.188 0.174 27.00% 29.228 12.477 30.080 37.566 37.651 36.619 0.068
0.196 0.182 28.00% 28.423 12.558 29.173 36.212 36.190 35.231 0.067
0.203 0.189 29.00% 27.699 12.630 28.364 34.993 34.889 33.994 0.067
0.211 0.197 30.00% 27.043 12.696 27.636 33.891 33.722 32.886 0.066
0.219 0.204 31.00% 26.448 12.755 26.979 32.890 32.671 31.887 0.066
0.227 0.212 32.00% 25.905 12.810 26.382 31.976 31.718 30.982 0.066
0.235 0.220 33.00% 25.407 12.859 25.838 31.139 30.851 30.158 0.065
0.244 0.227 34.00% 24.949 12.905 25.339 30.369 30.058 29.405 0.065
0.252 0.235 35.00% 24.526 12.947 24.881 29.658 29.331 28.714 0.064
0.260 0.243 36.00% 24.135 12.986 24.458 29.000 28.661 28.078 0.064
0.269 0.251 37.00% 23.772 13.023 24.067 28.389 28.042 27.490 0.063
0.277 0.259 38.00% 23.434 13.057 23.704 27.821 27.469 26.945 0.063
0.286 0.268 39.00% 23.119 13.088 23.367 27.290 26.936 26.439 0.062
0.294 0.276 40.00% 22.824 13.118 23.052 26.794 26.439 25.967 0.062
0.303 0.284 41.00% 22.547 13.145 22.757 26.329 25.975 25.526 0.061
0.312 0.293 42.00% 22.287 13.171 22.481 25.892 25.541 25.114 0.060
0.320 0.301 43.00% 22.043 13.196 22.222 25.481 25.134 24.727 0.060
0.329 0.310 44.00% 21.813 13.219 21.979 25.094 24.751 24.364 0.059
0.338 0.319 45.00% 21.595 13.241 21.749 24.728 24.391 24.021 0.059
0.347 0.327 46.00% 21.389 13.261 21.532 24.382 24.051 23.698 0.058
0.357 0.336 47.00% 21.194 13.281 21.327 24.054 23.729 23.393 0.058
0.366 0.345 48.00% 21.009 13.299 21.133 23.743 23.425 23.104 0.057
0.375 0.354 49.00% 20.834 13.317 20.949 23.448 23.137 22.830 0.057
0.385 0.364 50.00% 20.667 13.333 20.774 23.167 22.864 22.570 0.056
0.394 0.373 51.00% 20.508 13.349 20.608 22.899 22.604 22.324 0.056
0.404 0.382 52.00% 20.356 13.364 20.450 22.644 22.356 22.089 0.055
0.413 0.392 53.00% 20.211 13.379 20.299 22.401 22.121 21.865 0.054
0.423 0.401 54.00% 20.073 13.393 20.155 22.168 21.896 21.651 0.054
0.433 0.411 55.00% 19.941 13.406 20.017 21.946 21.681 21.447 0.053
0.443 0.421 56.00% 19.814 13.419 19.886 21.733 21.476 21.253 0.053
0.453 0.431 57.00% 19.693 13.431 19.760 21.528 21.280 21.066 0.052
0.463 0.441 58.00% 19.576 13.442 19.639 21.333 21.092 20.888 0.052
0.474 0.451 59.00% 19.464 13.454 19.523 21.145 20.912 20.716 0.051
0.484 0.462 60.00% 19.357 13.464 19.412 20.964 20.739 20.552 0.050
0.494 0.472 61.00% 19.254 13.475 19.306 20.791 20.573 20.394 0.050
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0.505 0.482 62.00% 19.155 13.485 19.203 20.624 20.414 20.243 0.049
0.516 0.493 63.00% 19.059 13.494 19.105 20.463 20.260 20.097 0.049
0.526 0.504 64.00% 18.967 13.503 19.010 20.308 20.113 19.957 0.048
0.537 0.515 65.00% 18.878 13.512 18.918 20.159 19.970 19.822 0.047
0.548 0.526 66.00% 18.792 13.521 18.830 20.014 19.833 19.692 0.047
0.559 0.537 67.00% 18.710 13.529 18.745 19.875 19.701 19.566 0.046
0.570 0.548 68.00% 18.630 13.537 18.663 19.741 19.574 19.445 0.045
0.582 0.560 69.00% 18.552 13.545 18.583 19.611 19.450 19.328 0.045
0.593 0.571 70.00% 18.478 13.552 18.506 19.485 19.331 19.215 0.044
0.605 0.583 71.00% 18.405 13.559 18.432 19.363 19.216 19.105 0.043
0.616 0.595 72.00% 18.335 13.566 18.360 19.246 19.105 19.000 0.043
0.628 0.607 73.00% 18.267 13.573 18.291 19.132 18.997 18.897 0.042
0.640 0.619 74.00% 18.202 13.580 18.224 19.021 18.893 18.798 0.041
0.652 0.632 75.00% 18.138 13.586 18.158 18.914 18.792 18.702 0.041
0.664 0.644 76.00% 18.076 13.592 18.095 18.810 18.694 18.609 0.040
0.677 0.657 77.00% 18.016 13.598 18.034 18.709 18.599 18.519 0.039
0.689 0.670 78.00% 17.958 13.604 17.974 18.611 18.506 18.431 0.039
0.702 0.683 79.00% 17.901 13.610 17.916 18.516 18.417 18.346 0.038
0.714 0.696 80.00% 17.846 13.615 17.860 18.423 18.330 18.263 0.037
0.727 0.709 81.00% 17.793 13.621 17.806 18.333 18.245 18.183 0.036
0.740 0.722 82.00% 17.741 13.626 17.753 18.246 18.163 18.105 0.036
0.753 0.736 83.00% 17.690 13.631 17.701 18.161 18.083 18.029 0.035
0.766 0.750 84.00% 17.641 13.636 17.651 18.078 18.006 17.956 0.034
0.780 0.764 85.00% 17.593 13.641 17.602 17.997 17.930 17.884 0.033
0.793 0.778 86.00% 17.546 13.645 17.555 17.918 17.857 17.814 0.033
0.807 0.793 87.00% 17.501 13.650 17.508 17.842 17.785 17.746 0.032
0.821 0.807 88.00% 17.456 13.654 17.463 17.767 17.715 17.680 0.031
0.835 0.822 89.00% 17.413 13.659 17.419 17.695 17.647 17.615 0.030
0.849 0.837 90.00% 17.371 13.663 17.376 17.624 17.581 17.552 0.030
0.863 0.852 91.00% 17.330 13.667 17.334 17.554 17.516 17.491 0.029
0.878 0.868 92.00% 17.289 13.671 17.294 17.487 17.453 17.431 0.028
0.893 0.884 93.00% 17.250 13.675 17.254 17.421 17.392 17.372 0.027
0.907 0.900 94.00% 17.212 13.679 17.215 17.357 17.332 17.315 0.026
0.922 0.916 95.00% 17.175 13.683 17.177 17.294 17.273 17.260 0.026
0.938 0.932 96.00% 17.138 13.686 17.140 17.232 17.216 17.205 0.025
0.953 0.949 97.00% 17.102 13.690 17.104 17.172 17.160 17.152 0.024
0.968 0.966 98.00% 17.067 13.693 17.068 17.113 17.106 17.100 0.023
0.984 0.983 99.00% 17.033 13.697 17.034 17.056 17.052 17.050 0.022
1.000 1.000 100.00% 17.000 13.700 17.000 17.000 17.000 17.000 0.021
model-> 4BMB Dp core ice  ** core & ice + esc    
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